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ABSTRACT 


The  influence  of  low-level  2450  MHz  microwaves  on  Na+  and 
K+  movements  across  lipid  bilayers  and  the  erythrocyte  membrane 
was  studied.  Suspensions  of  lipid  vesicles  or  cells  exposed  to 
microwaves,  absorbed  power  at  a  rate  of  2-3  mW/ml.  A  number  of 
discrete  microwave  effects  on  membrane  Na+  and  K+  transport 
were  observed  in  the  exposed  systems.  The  effects  appear  to 
result  from  non-thermal  or  specific  interactions  of  the 
microwaves  with  the  affected  transport  systems  ie :  the  effects 
are  not  a  result  of  microwave  heating. 

Transport  of  Na+  and  K+  via  the  ouabain  sensitive 
(Na++K+ ) ATPase  was  inhibited  by  microwave  irradiation. 

Independent  observations  that  microwaves  depressed,  by  10-25%, 

24+  .  ..42+ 

ouabain  sensitive  Na  efflux,  ouabain  sensitive  K 

influx,  and  K-dependent  ATPase  activity  led  to  this  conclusion. 

Ouabain  insensitive  Na+  efflux  was  enhanced  by  ~30%.  The 

vehicle  for  the  affected  process  remains  unidentified.  However,  it 

may  involve  a  ouabain  insensitive  Na+/Na+  exchange  vector 

since  the  increased  Na+  efflux  did  not  effect  any  net  changes 

in  cell  Na+  content.  The  passive  fluxes  of  Na+  and  K+  may 

also  be  increased  in  the  presence  of  a  microwave  field.  Support 

for  the  latter  claim  is  not  conclusive. 

In  the  absence  of  a  microwave  effect  on  Na+  leakage  from 
sonicated  egg  PC  and  erythrocyte  lipid  vesicles,  microwave 
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interactions  with  membrane  proteins  were  probably  responsible  for 
the  effects  observed  on  intact  membrane  preparations.  Resonant 
interaction  of  the  microwaves  with  membrane  proteins  was  invoked 
as  the  probable  mechanism. 
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I  -  INTRODUCTION 

1  :  HISTORICAL  NOTE 

Prior  to  Hertz's  demonstration  of  radiowaves  in  1883  (108), 
studies  of  the  biological  effects  of  electricity  focused  on  the 
physiological  results  of  using  a  biological  tissue  as  a  conductive 
element.  However,  in  1893  D'Arsonval  exposed  mice  and  human 
beings  to  a  1-MHz  electromagnetic  field  induced  within  a  solenoid 
(18) .  He  observed  increases  in  metabolic  rate  and  in  internal 
body  temperature  of  the  subjects.  Although  the  mechanism  by 
which  the  heating  effect  was  manifested  was  not  yet  known, 
D'Arsonval  recognized  the  therapeutic  potential  of  the  heat  for 
such  ailments  as  arthritis  (18,  109).  However,  D'Arsonval  also 
acknowledged  the  possibility  of  athermal  effects.  He  subjected 
diphtheria  toxin  to  200-KHz  radiation  for  15  min  while 
maintaining  the  temperature  of  the  sample  at  18  °C .  Animals 
injected  with  the  irradiated  toxin  showed  no  ill  effects  while 
the  controls  all  died  within  26  hours  (19).  The  attenuated 
toxicity  was  attributed  to  'violent  molecular  vibrations'  that 
somehow  changed  the  structure  of  the  toxin  without  changing  its 
chemical  composition.  This  was  the  first  athermal  biological 
effect  attributed  to  the  action  of  non-ionizing  electromagnetic 
radiation. 

The  period  after  Marconi's  demonstration,  in  1899  (108),  that 
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radiowaves  could  be  an  effective  vehicle  for  wireless 
communication,  saw  notable  improvements  in  the  technology  used  in 
generating  high  frequency  electromagnetic  waves.  Interest  in  the 
biological  effects  of  such  waves  did  not,  however,  resume  until 
after  World  War  One.  In  1926  ,  Schereschewsky  (96)  reported  that 
exposure  of  mice  to  radiation  at  frequencies  between  8  and  135 
MHz  caused  lethal  elevations  in  body  temperature  but  that 
radiation  in  the  27  to  66— MHz  range  was  especially  effective.  He 
suggested,  pursuant  to  D'Arsonal's  athermal  hypothesis,  that  the 
increased  effectiveness  within  that  frequency  range  was  due  to 
non-thermal  'electromechanical  vibrations  within  the  cell'.  This 
was  the  first  report  of  an  athermal  frequency-specific  biological 
effect  of  non-ionizing  electromagnetic  waves. 

Unsuccessful  attempts  were  made  to  resolve  frequency-specific 

effects  in  Paramecia  exposed  to  10  to  75-MHz  radiations  (60) ,  rats 

exposed  to  9  to  12-MHz  (62)  waves,  and  mice  exposed  to  8  to  135 

MHz  waves  (13).  The  f  r  equency— spec  i  f  i  c  effect  reported  by 

Schereschewsky  (96)  was  suggested  to  be  an  artifact  resulting 

from  resonant  coupling  of  the  animal  with  his  apparatus  at  the 

effective  frequency  (13) .  Interest  in  frequency-specific  effects 

lapsed  but  was  recently  renewed  with  a  suggestion  by  Frohlich  that 

9 

membrane  proteins  may  be  specifically  resonant  in  the  GHz  (10 
Hz)  range  (35).  Further,  investigations  of  several  groups  have 
reported  frequency-specific  growth-rate  effects  in  yeast-cell 
cultures  exposed  to  low-level,  41.6  to  41.8-GHz  radiation (20 , 
40) .  Others  have  observed  similar  effects  on  the  growth  of  Eh_ 
coli  exposed  to  64  to  76-GHz  microwaves  (11,  57)  . 


D'Arsonval's  work  with  diphtheria  toxin  was  not  followed  up 
until  1930.  The  original  experiments  were  repeated  successfully 
with  158-MHz  waves  (80).  More  precise  temperature  controls 
were  used,  the  toxin  was  repeatedly  heated  to  40  °C  and  cooled 
to  7  °C ,  but  the  attenuation  of  the  toxicity  by  158-MHz  waves 
could  not  be  matched  by  any  other  heating  technique.  In  1935, 
Szymanowski  and  Hicks  (109),  reported  on  the  influence  of  120  to 
810-MHz  waves  on  the  lethality  of  botulinus,  tetanus  as  well  as 
diphtheria  toxins.  The  potency  of  each  of  the  toxins  was 
attenuated  by  2  to  6-h  exposures  (diphtheria  toxin  by  97%)  and 
the  degree  of  attenuation  increased  with  the  duration  of 
exposure.  No  comparable  effect  was  seen  in  control  toxins 
although  the  absolute  temperatures  and  mean  rates  of  temperature 
change  in  exposed  samples  were  exactly  the  same. 

The  medical  implications  of  the  work  done  on  the  effects  of 
microwaves  on  bacterial  toxins  is  at  present  unclear  since  no 
subsequent  experiments  have  been  done.  No  reports  exist  on 
whether  the  potency  of  these  toxins  is  attenuated  by  microwaves 
after  the  animal  is  infected.  The  thrust  of  the  reported 
observations  of  microwave  effects  on  bacterial  toxins  is  that, 
collectively,  they  indicate  that  biochemical  changes  as  a  result 
of  athermal  interactions  are  possible.  Why  this  line  of  research 
was  not  per sued  at  that  time  is  not  known. 

Research  on  biological  effects  of  microwaves  again  slowed 
down  for  the  duration  of  the  Second  World  War.  As  a  result  of 
the  war,  however,  microwave  technology  and  transmitting  capacity 
developed  to  the  extent  that  exposure  of  biological  systems 
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became  less  of  an  academic  curiosity  and  more  of  a  public  concern. 

Military  and  industrial  personnel  chronically  exposed  to 

microwave  fields  began  experiencing  a  number  of  inexplicable 

subjective  symptoms  such  as  sore  eyes  and  headaches  (46) .  Two 

epidemiological  studies  on  populations  exposed  to  microwaves 

concluded  that  all  of  the  symptoms  displayed  must  have  resulted 

from  microwave  heating  (17,  6).  Shortly  thereafter,  a  maximal 

2 

permissible  exposure  level  (MPEL)  for  microwaves  of  10  mW/cm 
was  recommended.  There  ensued  a  period  of  research,  characterized 
by  the  Tri-Service  research  program  (87)  on  the  biological 
effects  of  microwave  radiation,  sponsored  by  the  armed  forces  of 
the  United  States,  in  which  it  seemed  the  aim  was  to  determine  the 
validity  of  the  10  mW/cm  MPEL  through  basic  research.  For 
example,  McAfee  e_t  ad.  (78)  observed  that  increased  respiratory 
rates  and  blood  pressure  occurred  in  cats  exposed  to  1-MHz 
radiation,  which  correlated  with  fluctuations  in  subcutaneous 
temperature.  They  used  this  result  to  propose  that  undetected 
heating  of  subcutaneous  nerve  endings  may  be  responsible  for  the 
apparently  athermal  neurologic  effects  of  microwaves  in 
chronically  exposed  persons  (77).  Simultaneously,  however,  a 
report  appeared  that  resurrected  the  possibility  of  athermal 
biochemical  effects  of  microwave  exposure.  Gunn  et  al  (42) 
exposed  the  testes  of  rats  to  24,000-MHz  waves  for  5  min  and 
observed  a  decrease  in  testosterone  regulated  uptake  of  65Zn++ 
by  the  prostate.  The  effect  was  abolished  by  testosterone 
administration  but  no  edema  within  the  testes  was  observed  to 
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account  for  the  microwave  induced  drop  in  endogenous 
testosterone.  Although  microwave  heating  was  noted,  heating  the 
testes  to  the  same  temperature  and  at  the  same  mean  rate  by 
infrared  waves  did  not  affect  prostatic  uptake  of  ^Zn++.  More 
recent  evidence  of  the  influence  of  microwaves  on  testicular 
function  also  indicates  an  athermal  effect  on  these  organs. 
Increasing  testicular  temperature  of  rats  to  60  °C  by  hot  water 
or  by  infrared  or  2450-MHz  radiation  arrested  spermatogenesis 
(28).  The  hot-water  and  infrared  treated  groups  regained 
spermatogenesis  within  60  days,  while  the  microwave  treated  group 
never  recovered. 

That  microwave  exposure  can  alter  cellular  differentiation 
athermally,  as  indicated  by  the  above,  has  been  shown  in  a  number 
of  embryonic  systems.  Pupae  of  Tenebrio  mol i tor  express 
teratogenic  effects  as  a  result  of  exposure  to  9-Ghz  (66,  68)  or 
10-GHz  (12)  radiation.  No  abnormalities  were  observed  in 
conventionally  heated  temperature  controls.  Further,  Fisher  et 
a_l  (29)  and  Van  Ummerson  (113)  have  shown  changes  in 
differentiation  and  rates  of  tissue  growth  in  early  chick 
embryos  exposed  to  2450-MHz  waves;  once  again,  an  athermal 
influence  appears  to  be  necessary  for  some  of  the  observed  effects. 

By  the  end  of  the  'Tri-Service'  research  period,  an  immense 

volume  of  Soviet  and  other  Eastern  European  literature  on  the 

subject  of  the  biological  effects  of  microwaves  became  apparent. 

The  common  conclusion  of  these  reports  is  that  microwave 

2 

radiation  at  levels  greater  than  0.01  mW/cm  caused 
pathological  changes  in  chronically  exposed  personnel  that  were 
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not  thermal  in  nature  (46)  .  The  extent  of  their  conviction  is 
exemplified  by  the  fact  that  the  Soviet  MPEL  (39)  was  set  at  two 
to  three  orders  of  magnitude  lower,  depending  on  frequency,  than 
the  American  MPEL,  and  that  in  the  Soviet  Union  microwave 
radiation  sickness  is  a  recognized  pathological  condition  with 
distinct  stages  requiring  hospitalization  (21,  46,  94).  The 
criteria  used  to  qualify  the  athermal  effects  reported  in 
epidemiological  studies  reported  by  Soviet  authors  are  subtle  and 
almost  exclusively  subjective:  insomnia,  impotence,  anxiety  and 
amnesia,  to  name  a  few.  The  large  volume  of  supporting 
literature  (21,  23,  46,  61,  69,  70,  94,  101)  alone  lends  credence 
to  some  of  the  clinical  effects  claimed  to  be  a  result  of 
microwave  exposure. 

Bradycardia  is  one  athermal  effect  of  exposure  to  low-level 
microwave  irradiation  that  is  reported  in  the  Soviet 
epidemiological  literature  (46,  94),  and  that  is  supported  by 
more  basic  microwave  experiments  on  heart  rate  i_n  vivo  and  in 
vitro.  Isolated  turtle  hearts  exhibited  bradycardia  when 

exposed  to  960-MHz  radiation  at  an  incident  flux  of  2  to  10 

2 

mW/cm  (71,  112)  .  If  microwaves  had  heated  the  heart  of  an 
ectotherm,  one  would  have  expected  a  tachycardic  response.  Indeed 

when  power  levels  of  the  incident  flux  were  increased  to  16  to  40 

2 

mW/cm  ,  heating  was  noted  and  heart  rate  increased.  However, 
the  microwave  induced  bradycardia  was  enhanced  in  the  presence  of 
the  sympathetic  blocker,  propranalol  hydrochloride,  and  the 
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induced  tachycardia  was  enhanced  when  atropine  was  applied  (112) . 
When  both  atropine  and  the  beta-blocker  were  applied  together, 
microwaves  had  no  effect  on  heart  rate.  These  experiments  were 
repeated  on  rat  hearts  irradiated  j^n  situ  and  identical  results 
were  obtained  (82)  .  Olsen  et  a_l  hypothesized  that  the  microwave 
radiation  interacts  differentially  with  the  nerve  remnants  on 
the  heart  to  produce  the  different  effects.  More  specifically 
they  suggest  that  microwaves  affect  the  release  of 
neurotransmitter  or  its  interaction  with  receptors  at  the  post 
synaptic  membrane.  A  recent  report,  which  supports  this 
contention,  indicates  that  960-MHz  microwaves  at  1.5  mW/g 
decreases  the  apparent  binding  affinity  between  acetylcholine  and 
acetylcholine  receptors  isolated  from  rat  brain  homogenates  (72) . 
The  observed  bradycardia  (71)  may  therefore  have  been  a  result  of 
depressed  sympathetic  activity  rather  than  increased 
parasympathetic  activity.  Whichever  is  true,  the  reported 
influence  of  microwaves  on  heart  rate  is  the  first  physiological 
effect  attributed  directly  to  the  interaction  of  microwaves  with 
an  irritable  membrane  function. 

The  mechanism  of  the  biological  effects  of  microwaves  must 
ultimately  be  resolved  at  the  level  of  the  enzyme  systems 
involved  in  a  physiological  function  that  is  sensitive  to 
microwaves.  To  this  end,  studies  of  the  behavior  of  proteins  in 
electromagnetic  fields  began  as  early  as  1941  (15,  16,  76). 
Soluble  proteins  in  solution,  treated  as  rigid  dipolar  spheres, 
are  expected  to  rotate  in  response  to  an  applied  field 
alternating  at  frequencies  of  ~1  to  10-MHz.  Examples  such  as 
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lysozyme  and  trypsin  show  relaxation  frequencies  of  about  3-MHz 
(118).  However,  anomalous  dielectric  dispersions  have  been 
observed  in  solutions  of  small  (<5  amino  acids)  oligopeptides  at 
115-MHz  (76)  25-,  28-  and  30-MHz  (15)  and  in  the  range  of  300  to 
750-MHz  (16)  .  Although  the  relaxation  of  the  molecule  as  a  whole 
was  not  ruled  out,  it  was  aknowledged  that  dispersions  may 
have  occured  as  a  result  of  the  rotations  of  covalently  bound 
subunits  around  the  principle  molecular  axis,  and  of  bound  water 
(for  an  extensive  review  see  ref.  121).  That  such  resonances 
might  be  of  biological  significance  was  shown  by  Bach  and 
colleagues  (4)  .  They  examined  the  paper  electrophoretic  pattern 
of  human  gamma  globulin  exposed  to  10-MHz  and  at  frequency 
increments  of  10-MHz  up  to  200-MHz.  Although  no  effect  was  seen 
throughout  most  of  that  range,  the  single  electrophoretic  peak  of 
the  control  sample  was  split  distinctly  in  two  when  the  sample 
was  exposed  to  30- ,  60- ,  140- ,  180-  and  200-MHz.  All  temperature 
controls,  maintained  at  25  to  30  °C,  displayed  a  single 
electrophoretic  peak.  The  effective  frequencies  were  resolved 
more  specifically  in  the  10  to  41-MHz  range  at  increments  of 
0.02-MHz.  For  example,  the  electrophoretic  peak  of  gamma  globulin 
was  split  by  13.12-MHz  radiation  but  not  by  13.10-  or  13.14-MHz. 
Further,  the  specific  effective  frequencies  were  shifted  when  the 
incubation  temperature  of  the  irradiated  solution  was  increased 
to  37  °C .  The  changes  in  the  electrophoretic  pattern  of 
irradiated  gamma  globulin  provided  an  example  of 
microwave- induced  changes  in  proteins  that  were  probably 
conformational  in  nature.  Such  frequency-specific  and 


temperature-dependent  changes  may  occur  in  other  protein  systems 
as  well.  More  recently,  a  similar  effect  has  been  observed  in  the 
liquid-gel-chromatography  elution  profiles  of  bovine  serum 
albumin,  ovalbumin  and  ribonuclease  exposed  to  10-MHz  radiation 
(64) .  As  a  result  of  irradiation  at  an  estimated  field  strength  of 
20.5  V/m,  the  proteins  exhibited  an  increase  in  the  apparent 
molecular  radius  of  0.27%,  7.6%  and  22.6%  respectively. 

Conformational  changes  caused  by  vibrational  states  induced  by 
the  applied  field  were  considered  responsible  for  changes  in 
molecular  radii  that  resulted  in  the  shifts  in  the  elution 
profiles . 

The  relaxation  of  protein  segments  in  microwave  fields  of  1 

to  500-MHz  is  a  source  of  variability  in  the  dielectric 

dispersion  of  biological  tissues  (99).  Like  the  reactions  of 

soluble  proteins  to  alternating  electric  fields  mentioned  above, 

these  reactions  occur  below  the  frequency  range  with  which  this 

thesis  is  concerned.  However,  Frohlich  has  suggested  that 

membrane  proteins  under  the  influence  of  a  membrane  electric 

4  5 

field  in  the  order  of  10  to  10  V/cm  become  highly  polarized 
and  consequently  have  high  dipole  moments.  This  effect  in 
combination  with  the  fact  that  protein  hydration  causes 
vibrational  damping  in  solution,  led  him  to  hypothesize  stable 
vibrational  (and  probably  rotational)  frequencies  in  the  order  of 
100 , 000-MHz  for  membrane  proteins.  Frequency-specific  effects  on 
bacterial  (115)  and  yeast  (20,  40)  colony  growth  in  the  40,000- 
to  80, 000-MHz  range  tend  to  support  Frohlich' s  hypothesis. 


. 
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The  biologically  interactive  frequency  range  proposed  by 
Frohlich  is  too  high  to  account  for  effects  at  2450-MHz,  the 
frequency  used  in  this  thesis.  However,  many  membrane  proteins 
are  partly  within  the  lipid  bilayer  and  partly  exposed  to  the 
aqueous  environment  on  either  or  both  sides  of  the  bilayer. 
Further,  the  electric  field  of  the  membrane  extends  beyond  the 
boundaries  of  the  bilayer,  the  intensity  of  which  ideally 
decreases  proportional  to  the  inverse  of  the  distance  from  the 
bilayer  surface.  Portions  of  membrane  proteins  external  to  the 
bilayer  are,  therefore,  variably  polarized  as  a  result  of  being 
subject  to  an  electric  field  at  a  continuum  of  strengths  and  to 
motional  damping  proportional  to  the  degree  of  hydration  of  that 
segment.  Consequently,  within  the  border  portion  of  the  membrane 
protein,  one  could  envisage  a  full  vibrational  frequency  spectrum 
between  those  inherent  to  soluble  proteins  and  to  those  proposed 
as  characteristic  of  inner  bilayer  protein  segments  ie.:  500  to 
40 , 000-MHz . 

Assuming  vibrational  states  at  2450-MHz  are  possible  in 
membrane  proteins,  there  remains  a  question  of  the  fate  of  energy 
absorbed  from  an  externally  applied  field.  Frohlich' s  theory  that 
vibrational  interactions  may  result  in  a  biological  effect 
depends  on  the  absorption  of  microwave  energy  at  a  specific 
site  within  a  protein.  It  was  previously  assumed  that  all 
absorbed  microwave  energy  would  be  evenly  distributed  among  the 
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oscillatory  modes  of  a  molecule,  ie ;  thermalized,  but  computer 
simulations  have  demonstrated  that  this  need  not  be  so  (110). 
Instead  of  the  absorbed  energy  being  continuously  redistributed, 
the  energy  of  an  induced  vibrational  mode  may  be  coherently 
distributed,  i.e:  in  an  orderly,  predetermined  set  of  steps, 
within  a  macromolecule,  as  Frohlich  proposes. 

Under  normal  circumstances  an  enzyme  may  absorb  energy 
continuously  from  the  environmental  thermal  energy  pool  via  a 
particular  vibration.  This  energy  is  distributed  coherently 
through  the  enzyme  to  achieve  a  reaction.  As  the  rate  at  which 
energy  assimilated  by  that  particular  vibrational  mode  approaches 
saturation,  ie :  continuously  surpassing  the  threshold,  a  small 
amount  of  energy  absorbed  at  that  point  from  some  external 
source,  like  microwaves,  might  saturate  that  mode  prematurely, 
thereby  causing  an  increase  in  the  reaction  rate.  The  reaction 
rate  might  thereby  be  limited  at  some  other  step,  at  a  lower 
temperature  than  expected,  and  be  interpreted  as  a  temperature 
specific  increase  in  the  reaction  rate  of  the  enzyme  in  response 
to  an  applied  microwave  field.  Similarly,  if  the  vibration 
excited  by  the  external  source  is  at  a  step  in  the  middle  of  the 
usual  sequence  of  coherent  events,  it  could  raise  the  energy  of 
that  step  beyond  threshold,  causing  a  premature  dissipation  of 
stored  energy  and  resulting  in  a  decreased  reaction  rate.  This 
proposed  mechanism  of  interaction  may  account  for  the  implied 
effects  of  microwaves  on  protein  conformation  and  on  the 
activity  of  a  number  of  membrane  proteins.  The  decrease  in  the 
apparent  binding  affinity  of  acetylcholine  to  the  acetylcholine 
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receptor  in  brain  homogenates  exposed  to  960-MHz  fields  (72)  and 
the  decrease  in  liver  ATPase  activity  of  rats  exposed  to  27-MHz 
fields  (91)  may  be  results  of  such  specific  interactions  between 
microwaves  and  membrane  proteins. 

Some  of  the  most  persistantly  reported  and  intensively 
debated  microwave  effects  on  membranes  are  those  reportedly 
manifested  as  changes  in  cation  flux,  specifically,  Ca++  flux 
in  brain  tissue  and  Na+  and  K+  fluxes  in  erythrocytes.  The 
effect  of  microwaves  on  Ca  +  +  flux  in  chick  brains  has 
generated  some  controversy  since  the  effect  appears  to  have  two 
frequency  dependencies  and  a  dependence  on  the  rate  of  energy 
deposition  in  the  tissue  (122).  Calcium  flux  was  increased  by 
exposure  to  50-MHz,  147-MHz  and  450-MHz  microwaves  but  only  if 
modulated  at  16-MHz  (9,  10,  58,  122).  The  most  unusual 
specificity  is  that  no  microwave  enhanced  Ca++  flux  occured 
if  the  rate  of  energy  deposition  exceeded  ~1.4  mW/g  (10).  A 
possible  explanation  for  the  frequency  dependence  has  been 
presented  but  the  reason  the  effect  is  not  present  beyond  a 
specific  absorption  rate,  remains  a  puzzle.  There  are  as  many 
reports  denying  an  effect  on  Na+  and  K+  transport  as  there 
are  supporting  it.  The  Na+  and  K+  transport  systems  of  the 
human  erythrocyte  were  chosen  for  study  of  the  effects  of 
microwave  radiation  on  the  function  of  the  membrane  protein. 
Accordingly,  the  value  of  the  erythrocyte  as  an  experimental 
system  for  the  study  of  microwave  bioeffects  and  the  existing 
literature  are  discussed  in  the  following  section. 
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2  :  MICROWAVE  BIOEFFECTS  AND  THE  ERYTHROCYTE 

The  erythrocyte  or  red  blood  cell  is  a  relatively  simple, 
biconcave  disc  shaped  cell  that  is  7-8  jum  in  diameter  and  about 
2  ftm  thick.  It  is  the  major  cellular  component  of  whole  blood 
and  exists  primarily  as  a  vehicle  for  hemoglobin  transport  and 
thus  the  transfer  of  oxygen  between  lungs  and  tissues.  It  also 
serves  as  one  of  the  principal  models  of  membrane  systems  in 
biophysical  studies.  The  features  that  have  made  the  erythrocyte 
one  of  the  most  extensively  studied  cells  in  the  biophysics  and 
biochemistry  laboratory  are: 

1.  its  availability; 

2.  the  ease  with  which  it  can  be  isolated  as  a  homogeneous 
population  in  large  quantities; 

3.  its  relative  simplicity:  The  human  erythrocyte  has  no 

organelles,  has  relatively  few  different  membrane  or  soluble 
proteins  and  has  a  well  characterized  and  relatively  consistent 
lipid  composition;  and 

4.  it  is  a  consistently  highly  viable  in-vitro  system. 

The  lack  of  subcellular  detail  in  the  human  erythrocyte 
limits  the  number  of  processes  it  exercises  and,  consequently, 
delimits  the  scope  of  biochemical  reactions  to  microwaves  that 
may  be  studied.  On  the  other  hand,  the  simplicity  of  the  red 
blood  cell  makes  it  an  ideal  model  for  the  in-vitro  study  of 
microwave  effects  on  single-cell  membranes.  The  few,  but 
extensively  studied,  biochemical  functions  the  erythrocyte  does 
possess,  may  simplify  attempts  to  elucidate  mechanisms  by 
which  a  particular  microwave  effect  is  manifested  and  to  limit 
the  possibility  of  effects  occurring  secondary  to  the  primary 
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microwave  interaction.  Furthermore,  the  cells  and  vesicles  in 
the  suspensions  used  here  exhibit  Brownian  Motion  and  thus  have 
no  fixed  position.  Consequently,  each  particle  will  absorb  nearly 
the  same  amount  of  energy  if  all  are  restricted  within  the  same 
small  area  of  an  electromagnetic  field.  The  magnitude  of  any 
microwave  effect  relative  to  the  energy  absorbed  can  thus  be  more 
easily  quantified.  It  is  not  surprising  that  the  virtues  of  the 
erythrocyte  have  been  previously  recognized  and  used  to 
investigate  the  biological  effects  of  microwaves  (7,  34,  44  ,  53, 
54,  81,  86).  The  controversial  nature  of  many  of  these  reports 
is  all  the  more  reason  to  use  red  cells  for  this  study. 

One  activity  that  the  erythrocyte  conveniently  shares  with 
other  cell  types  is  ( N  a  +  +  K+  )  ATP  a  s  e-med  i  a  ted  Na+  and  K  + 
transport  across  the  cell  membrane,  producing  opposite 
concentration  gradients  of  Na+  and  K+ .  In  other  tissues,  such 
as  intestinal  epithelia,  the  transmembrane  Na+  concentration 
gradient  supplies  the  motive  force  for  the  symport  of  some  amino 
acids  and  sugars  against  their  own  concentration  gradients  (99)  . 
There  is  also  some  evidence  that  glycine  and  L-alanine  transport 
in  human  red  cells  depend  on  Na+  (119)  .  In  nerve  cells  the  Na+ 
and  K+  gradients  established  by  the  (Na  +  +  K+ )  ATPase  and  the 
differential  permeabilities  of  each  result  in  a  net  membrane 
potential  that  is  essential  for  neuronal  activity.  One  therefore 
has  a  convenient  system,  neatly  packaged  and  accessible  in  the  red 
blood  cell,  studies  of  which  have  implications  for  a  number  of 
other  systems. 

A  disadvantage  is  the  relatively  low  concentration  of  the 
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(Na++K+ )  ATPase  in  the  erythrocyte  membrane  as  compared  with 
such  tissues  as  kidney  outer  medulla  and  shark  rectal  gland  (97) . 
These  systems,  however,  suffer  the  disadvantages  alluded  to 
above:  They  are  not  as  easily  available  and  are  more  difficult  to 
isolate.  The  last  objection  can  be  avoided  by  extracting  the 
protein  and  reconstituting  it  into  an  artificial  bilayer;  but 
detergent  extraction  of  membrane  proteins  can  compromise  the 
function  of  reconstituted  enzyme  systems.  There  can  be  little 
question  of  the  biological  integrity  of  the  erythrocyte  as  a 
model  membrane  system,  a  desirable  feature  for  this  study  since 
mechanisms  of  microwave  interaction  are  not  fully  understood,  and 
artifacts  of  preparation  would  serve  only  to  further  complicate 
the  investigation. 

The  conflicts  and  confusion  surrounding  the  effect  of 

microwaves  on  transmembrane  cation  movements  is  no  less  than  the 

history  of  the  field  would  suggest.  In  1974  it  was  reported  that 

2 

rabbit  red  blood  cells  exposed  at  as  little  as  1  mW/cm  of 
3000-MHz  radiation  showed  increased  K+  and  hemoglobin 
permeability  and  increased  osmotic  fragility  (7).  Attempts  to 
reproduce  these  effects  at  2450-MHz  and  3000-MHz  failed  (44,  67, 
86).  The  discrepancy  was  attributed  to  the  lack  of  temperature 
control  in  the  former  investigation.  However,  Ismailov  (54),  and 
more  recently,  Olcerst  et  al  (81),  have  conducted  similar 
experiments  in  which  mean  temperature  was  very  carefully 
controlled.  Their  results  lend  credence  to  the  original  claim 
that  low-level  microwaves  increase  passive  cation  permeability  in 
erythrocytes,  but  neither  observed  increased  leakage  of 
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hemoglobin.  Olcerst  reported  that  increased  passive  Na+ 
efflux  from  irradiated  rabbit  erythrocytes  occurred  only  at 
temperatures  correlated  with  discontinuities  in  the  Arrhenius 
plot  for  passive  Na+  efflux.  The  temperature  specificity  may 
account  for  some  of  the  previously  conflicting  reports  (7,  44, 
67,  86).  Ismailov  (53,  54),  on  the  other  hand,  observed 

increased  passive  Na+  and  K+  permeability  in  exposed  human 
erythrocytes  incubated  at  37  °C .  Ismailov  also  compared  fluxes 
of  Na+  and  K+  from  control  and  irradiated  cells  incubated 
with  and  without  mono-iodoace tate  [an  ATPase  inhibitor  (51)].  He 
showed  that,  while  microwaves  increased  the  passive  fluxes  of 
Na+  and  K+ ,  irradiated  cells  also  exhibited  a  decrease  in  the 
active  fluxes  of  these  cations.  Perhaps,  in  those  experiments  in 
which  no  microwave  effects  on  total  Na+  and  K+  fluxes  were 
observed,  the  conditions  were  such  that  the  opposing  effects  on 
active  and  passive  fluxes  were  balanced,  resulting  in  no  net 
change  in  the  exposed  cells.  This  arguement  was  shown  to  be  valid 
at  least  for  the  fluxes  of  K+  in  human  erythrocytes  exposed  to 
low-level  microwaves  in  the  present  study. 

Little  has  been  reported  concerning  the  specific  effects  of 
microwaves  on  the  activity  of  the  (Na++K+ ) ATPase ,  the  enzyme 
that  performs  active  Na+  and  K+  counter  transport  in 
erythrocytes  and  other  cells.  Microwaves  of  1600  to  12,000-MHz 
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at  2  mW/cm  have  been  reported  to  be  ineffective  in  changing 

(Na++K+ ) ATPase  activity  in  guinea  pig  brain  at  22  °C  (107). 

However,  during  this  experiment  only  15-min  exposures  were  used, 

and  ATPase  activity  was  measured  after  irradiation.  Allis  and 

Fromme  report  no  effect  of  2450-MHz  microwaves  on 

(Na  +  +  K+ )  ATPase  in  human  erythrocytes  at  37  °C  (2).  The 

validity  of  this  report  is  suspect  since  the  report  makes  no 

mention  of  ouabain  or  other  specific  inhibitors  to  resolve 

specifically  the  (Na+  +  K+)  ATPase  activity  from  the  large 

background  of  ouaba i n- i nsens i t i ve  ATPase  activity  in 

erythrocytes.  Part  of  this  study  was  done  to  fill  the  apparent 

+  +  . 

void  on  the  effects  of  microwaves  on  (Na  +K  )ATPase  activity 
and  to  correlate  any  changes  to  the  effects  on  Na+  and  K+ 
transport  in  human  erythrocytes. 

3 ; MICROWAVE  EXPOSURE  AND  ABSORPTION 
Microwaves  occupy  a  portion  of  the  electromagnetic  spectrum, 
and  are  arbitrarily  assigned  the  frequency  range  of  300  to 

300 , 000-MHz  (Figure  I).  The  photon  energies  of  microwaves  is  in 

—  7  —  3 

the  range  of  10  to  10  eV ,  less  than  that  of  most 
biological  processes:  ie:  2.6  x  10  eV  for  Brownian 

motion  at  30  °C  to  10  eV  for  ionization  (14)  .  The  mechanisms 
of  microwave  interaction  with  biological  substrates  are, 
therefore,  qualitatively  different  from  those  of  ionizing 
radiations.  The  photon  energies  of  ionizing  radiations  (Figure 
1)  exceed  biochemical  bond  energies  and  are,  therefore, 
capable  of  splitting  macromolecules.  A  quantum  of  microwave 
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energy  is  in  the  same  range  as  the  vibrational  and  rotational 
energies  within  a  molecule.  Microwave  energy  may  not,  therefore, 
cause  a  primary  chemical  change  but  may  alter  vibrational  and 
rotational  motions  within  a  molecule. 

In  order  to  begin  to  analyse  a  biological  effect  of 
microwaves  one  must  first  describe,  at  least  subjectively,  the 
conditions  that  dictate  the  manner  in  which  microwaves  are 
absorbed  by  a  biological  system.  The  mode  and  magnitude  of  energy 
absorption  by  a  homogeneous  body  exposed  to  a  microwave  field  is 
strictly  determined  by  a  number  of  physical  parameters  including: 

1)  the  dimensions  of  the  body,  biological  or  otherwise, 
relative  to  the  wavelength  of  the  radiation 

2)  the  orientation  of  the  body  relative  to  the  direction  of 
propagation;  that  is,  the  magnetic  (H)  and  electric  (E)  field 
vectors 

3)  the  electrical  properties  of  the  body,  i . e:  dielectric 
constant  (£)  and  conductivity  (cr)  ,  and 

4)  The  power  levels  of  incident,  transmitted  and  reflected 
energy  with  respect  to  that  body,  which  ultimately  determine  the 
amount  of  energy  absorbed. 

Absorption  of  microwaves  by  electrically  non-homogeneous 
bodies,  such  as  the  intact  animal  is  more  complex.  The  behavior 
of  the  electromagnetic  field  within  and  around  each  inhomogeneity 
must  be  considered.  Most  animals  do  not  have  the  gross  anatomical 
symmetry  that  would  allow  accurate  calculation  of  field  strength 
and  distributions  within  the  organism.  Inhomogeneous  masses 
within  an  organism  may  serve  as  dielectric  lenses,  or  reflectors 
that  focus  energy,  thereby  causing  electrical  "hot  spots"  whch 
might  in  turn  create  a  local  increase  in  temperature  or  thermal 
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hot  spot.  Measuring  energy  losses  within  a  field  that  contains  a 
heterogeneous  body  is  an  estimate  only  of  the  average  energy 
deposition  to  that  body  and  provides  no  information  about  field 
pattern  or  local  absorption.  More  direct  approaches  involve 
detailed  thermal  maps,  or  electric  field  probe  measurements. 
There  are  problems  inherent  to  the  direct  methods.  Thermography 
(infra-red  photography)  does  not  have  the  penetration  to  resolve 
internal  gradients  in  the  intact  organism.  Implanted  temperature 
measuring  devices  introduce  artificial  inhomogeneities  or,  if  the 
device  is  an  electrical  conductor,  may  alter  the  field. 
Artifacts  introduced  by  direct  measurement  may  thus  render 
extrapolation  of  data  on  distribution  of  energy  absorption  by 
an  intact  body  questionable. 

Our  inability  to  describe  accurately  the  pattern  of  microwave 
energy  deposition  in  the  intact  organisms  makes  it  difficult,  if 
not  impossible,  to  determine  the  precise  site  and  mode  of 
interaction  responsible  for  a  given  biological  effect.  These 
problems  may  be  circumvented  by  using  electrically  and 
biologically  homogeneous  systems  isolated  jin  vitro  from  an 
organism.  However,  an  effect  observed  _in  vitro  may  or  may  not 
be  manifested  in  the  intact  organism  and  vice  versa.  Homeostatic 
mechanisms  may  compensate  in  some  way  and  thus  mask  a 
microwave- induced  change.  Considering,  however,  our  limited 
understanding  of  biomolecular  mechanisms  attending  microwave 
absorption  it  is  probably  more  fruitful  to  try  to  elucidate 
biological  effects  in  a  sequence  of  systems  of  increasing 
complexity.  Studying  the  biological  effects  of 
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microwave  radiation  in  the  reverse  sequence,  which  has  prevailed, 
in  many  cases,  has  confounded  the  issue  of  the  mechanisms  of 
microwave  bioeffects. 

The  in  vitro  suspensions  of  lipid  vesicles  and  human 
erythrocytes  chosen  for  the  present  study  are,  on  a  macroscopic 
scale,  electrically  homogeneous  within  the  microwave  range. 
There  are  no  electrical  i  n  homog e n e i t i es  within  the  cell 
suspension  to  alter  the  geometry  of  the  field  distribution 
within  the  suspension.  On  a  microscopic  scale,  the  suspensions 
studied  here  for  biological  effects  of  microwaves  are  not 
homogeneous.  They  are  made  up  of  particles  (cells  and  vesicles) 
that  in  turn  are  inhomogeneous  --  are  composed  of  a  suspension  of 
proteinaceous  particles  bound  by  a  membrane  and  an  envelope  of 
bound  water.  However,  particles  of  this  size  influence  the  field 
distribution  within  the  suspension  only  when  the  wavelength  of 
the  electromagnetic  waves  approaches  the  dimensions  of  these 
particles  —  which,  in  this  case,  would  be  the  far  infrared  range. 

Absorption  of  microwave  radiation  is  associated  primarily 
with  polarizing  motions  of  small  dipoles,  such  as  water  and 
ammonia.  Most  of  the  energy  absorbed  in  this  manner  is  quickly 
and  evenly  redistributed  throughout  the  molecular  motions  of  the 
system;  i.e:  is  thermalised.  The  possibility  of  polarizing 
vibrations  within  biological  macromolecules  that  may  be 
integrated  into  the  metabolic  energy  flow  of  the  system,  rather 
than  being  thermalised,  provides  a  hypothetical  basis  for  specific 
microwave  effects.  Regardless  of  the  potential  modes  of 
molecular  interaction  with  microwave  radiation  the  magnitude  of 


22 


the  sum  of  all  such  interactions  is  determined  by  the  frequency 
and  the  dielectric  constant  of  a  material  at  that  specific 
frequency.  The  higher  the  dielectric  constant  of  a  material  at  a 
particular  frequency,  the  more  reactive  the  material  is  to 
electromagnetic  radiation  of  that  frequency.  Dielectric 
relaxation  techniques  have  clearly  revealed  that,  at  microwave 
frequencies,  the  principal  biological  substrate  of  interaction 
(and  main  determinant  of  dielectric  constant)  is  water  (99). 
Microwave  energy  absorbed  by  tissue  water  is  undoubtedly 
thermalised,  providing  the  intermediate  step  for  thermal  microwave 
effects.  Interaction  of  microwaves  with  biological  macromolecules 
is  not  as  easily  or  clearly  resolved  by  relaxation  techniques 
due  to  the  large  number  of  different  dipolar  structures  within 
and  among  biological  macromolecules.  That  these  interactions 
occur  is  supported  by  the  observation  that  30%  of  the  total 
energy  absorbed  by  muscle  tissue  exposed  to  2500-MHz  cannot  be 
accounted  for  by  water  (33)  .  The  relaxation  of  biological  dipoles 
has  also  been  acknowledged  as  the  source  of  deviations  in  the 
relaxation  frequencies  of  tissue  water  compared  with  water  alone 
(99)  .  The  probability  of  microwave  interactions  with  biological 
macromolecules  is  the  foundation  on  which  existence  of  specific, 
non-thermal  effects  is  based.  However,  resolution  of  non-thermal 
microwave  bioeffects  is  often  complicated  because  temperature 
sensitive,  enzymatic  processes  occur  in  a  predominantly  aqueous 
environment.  The  sources  and  sinks  of  the  thermal  energy  which 
invariably  take  place  in  a  biological  system  exposed  to 
microwaves,  must  be  controlled  or  accounted  for  to  accurately 
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assess  the  results  of  research  aimed  at  resolving  athermal 
effects. 

The  processes  studied  in  the  subsequently  described 
experiments  all  exhibit  well-defined  responses  to  temperature 
changes.  In  view  of  this,  rather  than  perform  simple  temperature 
controls  that  may  mask  thermal  effects,  attempts  were  made  to 
resolve  ^thermal  effects  of  microwaves  on  the  continuous 
temperature  responses  of  the  systems  that  control  Na+  and  K+ 
fluxes  across  the  red  blood  cell  membrane.  In  fact,  the  effects 
of  microwave  exposure  of  red  blood  cells  on  some  of  the  processes 
studied  were  clearly  non-thermal.  Whereas  heat  input  would  have 
caused  an  increase  in  the  ouaba i n- sens i t i ve  flux  rates  and 
associated  ATPase  activity,  microwaves  caused  the  reverse  effect. 
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II  -  EXPOSURE  SYSTEM 

1  :  THE  IRRADIATION  SYSTEM 

Biological  exposure  to  microwaves  in  the  environment  is  most 

likely  to  occur  in  a  free  field  i.e.:  one  generated  by  some 

form  of  antenna  such  as  that  used  for  radar.  Energy  levels 

2 

within  a  free  space  field  vary  as  1/r  (in  the  far  field  only), 
where  r  is  the  distance  between  target  and  source,  while  the 
wavefront  becomes  progressively  more  planar.  By  virtue  of  the 
latter  characteristic,  this  type  of  field  is  most  convenient  for 
the  irradiation  of  large  numbers  of  samples  or  animals  but  a 
relatively  highly  powered  source  is  required  to  maintain  a  field 
of  even  moderate  intensity  in  the  far  field  of  the  antenna.  A 
fundamental  disadvantage  of  the  free  field  exposure  technique  is 
that  the  only  reliable  measurement  is  the  power  density  of  the 
incident  field.  Absorption-rate  measurements  are  thus  averages 
and  are  prone  to  errors. 

An  in-waveguide  exposure  system  was  selected  for  these 
studies  (Fig.  II).  In  such  a  system  there  is,  ideally,  no 
attenuation  of  energy  of  the  travelling  wave  through  the  length  of 
the  empty  waveguide  (in  practice,  ~0.036  db/m,  for  the  waveguide 
used  in  this  work) .  Accurate  estimates  of  energy-absorption 
rates  by  samples  during  irradiation  could,  therefore,  be  made  by 
measuring  and  comparing  the  forward  (Pf) ,  reflected  (Pr),  and 


25 


&■  -  HP  431C  power  meters  1)-Pf  2)-P  3)-P. 

^  -  HP  471A  thermistor  mounts 

c  -  Systron  Donner  DBL  675-10  directional  couplers 
d.  -  HP  591A  moving  load 
€  -  Narda  Microline  791  FM  attenuator 
f  -  HP  420A  crystal  detector 
f  -  PRD  544-10  directional  couplers 
fi  -  HP  692D  sweep  oscillator  or 

American  Microwave  Inc.  model  203  generator 
Hf-  output 
cJ£C  -  auto  leveling 

(All  coaxial  cable  (RG-8)  to  waveguide  (WR-284)  connections  made 
with  Douglas  Microwave  S  BU-1015  adaptors) . 

Figure  II 


The  waveguide  irradiation  system  used  to  expose  vesicle 
and  erythrocyte  suspensions  to  2450  MHz  microwaves. 
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<&-  access  ports  to  heat 
exchange  tubes 
ft  -  heat  exchange  tubes 
C  -  metal  epoxy 
4,  -  waveguide  wall 
C  -  sample  access  tubes 
/  -  sample  access  ports 
O'  -  thermocouple 
n  -  sample  chamber 
i  -  nylon  bolts 
/  -  neoprene  O-rings 


Figure  III 


One  of  the  two  waveguide  sections  modified  to  accommodate 
the  sample  chambers,  in  this  case  sample  chamber  #3,  and 
temperature  control  system.  One  of  these  sections  was 
incorporated  into  the  waveguide  exposure  system  and  the  other 
housed  the  control  samples.  The  field  pattern  within  the 
waveguide  is  indicated  by  the  electric  (£)  and  magnetic  (H)  field 
vectors  and  the  electromagnetic  energy  flux  vector  (^) . 

c4,  -  Cut-away  side  view  with  the  sample  chamber  inside 
-  Front-end  view  of  waveguide  section 
C  -  End-on  view  of  waveguide  section 


■ 
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transmitted  (Pfc)  energy  with  and  without  the  samples  in  place. 
Unlike  whole  organisms,  the  geometry  of  an  in  vitro  suspension 
relative  to  the  field  pattern  does  not  change  during  irradiation. 
Consequently,  microwave  absorption  by  the  samples  is  constant 
throughout  periods  of  irradiation. 

Sample  chambers  were  constructed  and  mounted  within  waveguide 
sections  (Figure  III).  The  chambers  were  fastened  to  removable 
sections  of  waveguide  wall.  Tubes  were  passed  through  holes  in 
the  waveguide  wall  and  connected  to  ports  on  the  sample  chambers, 
allowing  access  to  the  samples  from  outside  the  waveguide  during 
irradiation.  This  feature  permitted  flow  dialysis,  sampling,  and 
intermittent  temperature  measurement  of  the  erythrocyte  suspension 
during  incubation.  One  of  these  waveguide  sections,  with  a  sample 
chamber,  was  part  of  the  waveguide-exposure  system  (Figure  II) 
the  other  stood,  unperturbed,  housing  the  control  sample. 

All  but  a  small  fraction  of  the  typical  suspension  used  in 
this  work  is  water,  a  good  substrate  for  microwave  heating  at 
2450-MHz.  The  enzymatic  processes  studied  here,  specifically  that 
of  the  (N a  + +  K + ) AT P a s e  ,  show  an  acute  dependence  on 
temperature.  To  resolve  the  athermal  effects  of  microwaves  on 
this  system  it  was  necessary  to  consider  the  influence  of  heat 
from  all  sources,  including  microwave  heating,  on  the  activity  of 
the  enzyme.  Consequently,  temperature  measurements  were  made  as 
often  and  as  carefully  as  possible.  Furthermore,  the  objective  of 
these  experiments  was  to  resolve  microwave  effects  across  a  broad 
temperature  range  so  incubation  temperatures  had  to  be  precisely 
maintained.  Temperature  control  of  samples  was  achieved  by 
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equipping  the  waveguide  sections,  containing  the  sample  chambers, 
with  heat-exchange  tubes  (Figure  III)  connected  to  a  Polyscience 
Corp.  Model-90  water  bath  with  circulator.  The  selected 
temperature  of  the  water  bath  was  maintained  (+0.2  °C)  by 
feedback  from  a  thermocouple  in  the  water  bath,  via  a  Fluke  model 
2190A  digital  thermometer  connected  to  the  heater/refrigerator 
relay  of  the  water  bath. 

The  temperature  of  the  exposed  samples  could  not  be 
monitored  by  micr othermacouple  during  irradiation  without 
perturbing  the  microwave  field.  However,  a  thermocouple  was 
inserted  into  the  control  sample  and  the  temperature  thus 
recorded  throughout  the  sample  was  identical  to  that  monitored 
via  the  thermocouple  embedded  in  the  waveguide  wall  adjacent  to 
the  control  sample  chamber  (Figure  III).  The  temperature  thus 
recorded  remained  constant  (within  0.05  °C )  throughout  an 
experiment.  The  temperature  of  the  waveguide  wall  adjacent  to  the 
exposure  chamber  was  the  same  as  that  measured  by  inserting  a 
thermocouple  into  the  exposed  sample  immediately  before  or  after 
irradiation  or  that  monitored  in  the  absence  of  microwaves.  If 
there  was  microwave  heating  of  the  sample  it  was  dissipated 
before  it  could  be  measured.  Nevertheless,  the  temperature  of 
each  exposed  sample  was  directly  measured  immediately  after 
irradiation  and  this  figure  was  used  as  the  incubation 
temperature  of  that  sample. 

2: THE  SAMPLE  CHAMBERS 


One  of  the  most  critical  and  hence  controversial  aspects  of 
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experimental  design  in  the  study  of  the  biological  effects  of 
microwave  radiation  is  the  containment  of  biological  subjects  or 
samples  within  the  field.  The  difficulties  arise  in  devising  a 
system  that  is  compatible  with  the  biological  assay  techniques 
while  minimizing  the  interactions  of  the  container  and  measuring 
devices  with  the  electromagnetic  field.  The  latter,  if 
significant,  will  ultimately  affect  the  interaction  of  the 
microwaves  with  the  system  under  study.  Further,  containment  must 
be  compatible  with  the  protracted  viability  of  biological 
processes.  Several  chambers  were  designed  and  built  to  satisfy 
these  requirements  and,  as  will  be  described,  some  of  them  were 
better  suited  than  others. 

The  materials  used  in  sample  chamber  construction  were 
chosen  for  minimal  absorption  of  microwave  radiation  relative  to 
that  of  the  sample  and  optimal  compatibility  with  biological 
process.  The  former  is  determined  by  the  dielectric  properties  of 
the  materials.  Table  1  lists  these  properties  for  the  principle 
construction  materials  and  for  blood  and  salt  solutions.  Although 
the  figures  listed  are  for  3000-MHz  radiation  they  differ  only 
slightly  from  those  at  2450-MHz.  The  real  part  of  the  dielectric 
constant  (£'  )  reflects  the  ability  of  the  material  to  contain  an 
electric  field  and  describes  a  strictly  non-absorpt ive  mode  of 
microwave  interaction.  The  loss  factor  or  imaginary  part  of  the 
dielectric  constant  (£'')  describes  a  material's  ability  to 
absorb  electromagnetic  radiation.  The  portion  of  energy  flowing 
through  a  material  that  is  absorbed  by  that  material  is 
proportional  to  the  ratio  of  £'  ,  which  is  the  dissipation 
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factor  or  loss  tangent  (tan  6  ).  The  tanS  for  the  vesicle 
suspensions  is  between  those  values  indicated  for  100  and  300  mM 
NaCl  (0.560  -  0.605)  while  that  of  blood  is  3.363.  The  tanSvalues 
of  the  construction  materials  (2.0  x  10~  -  4.8  x  10  z)  are 
much  lower  than  those  of  the  samples.  Therefore,  these  materials 
absorbed  much  less  of  the  microwave  radiation,  compared  with 
that  absorbed  by  the  samples  and  provided  the  best  available 
compromise  with  biological  compatability  and  versatility. 


Table  1 


Real(£')  and  Loss  Factor  (£'')  parts  of  the  dielectic 
constants  as  well  as  the  loss  tangents  (tan  8)  of  materials  used  in 
the  experiments.  Measurements  are  for  3000-MHz  at  25-27  °C. 


£' 

£" 

tan  8 

ref 

human  blood 

17.1 

57 . 5 

3.363 

111 

300  mM  NaCl 

52 

31.5 

0.605 

49 

100  mM  NaCl 

54 

30.3 

0.560 

49 

Distilled  water 

80 . 5 

24.9 

0.310 

49 

Plexiglas 

2.6 

1.50  x  10  Z 

5.7  x  10 

49 

Neoprene 

2.8 

1.36  x  10  J 

4.8  x  10  Z 

49 

Paraf ilm 

2.3 

4.50  x  10  J 

2.0  x  10 

49 

Glass 

~  5 

~ 2 . 50  x  10  ! 

~  5 . 0  x  10  ^ 

49 

Teflon 

2.1 

3.20  x  10 

i.5  x  io  ; 

—  4 

49 

Polyethylene 

2.2 

6.80  x  10 

3  x  10 

49 

Although  the  suspensions  used  were  electrically  homogenous, 
the  whole  sample  presents  an  electrical  inhomogeneity  within  the 
sample  chamber  and  hence  the  waveguide  system.  The  cross 
sectional  area  of  surfaces  perpendicular  to  the  incident 
radiation  were  reduced,  where  possible,  to  minimize  reflections, 
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standing  waves  and  hot  spots  within  the  sample.  These  efforts 
also  minimized  standing  waves  within  the  waveguide,  which  affect 
power  measurements  due  to  loss  of  coupler  directionality.  The 
latter  reduces  potential  errors  in  the  SAR  calculations  vital  to 
an  accurate  description  of  any  microwave  bioeffect. 

The  wavelength  of  the  radiation  within  the  sample,  reduced 
( ~  15%  )  in  proportion  to  the  dielectric  constant  of  the  material 
through  which  it  is  passing,  was  not  taken  into  consideration  when 
determining  the  internal  dimensions  of  the  sample  chambers.  Due 
to  the  irregular  geometry  of  the  sample  chambers  the  fields 
inside  the  sample  are  extremely  complex.  Accommodating  the 
material  wavelength  in  the  sample  chamber  design  would  not  have 
precluded  standing  waves  within  the  samples.  The  complexity  of 
the  field  within  the  sample  chamber  is  of  little  biological 
consequence  since  the  orientation  and  position  of  the  particles 
(vesicles  or  cells)  is  always  changing  due  to  Brownian  motion. 

Sample  chambers  #1  (Figure  IV)  and  #2  (Figure  V)  ,  were  used 
for  the  egg-PC  vesicle  and  RBC- 1 ipid- ves icle  experiments 
respectively.  The  tapered  ends  of  these  chambers  minimized 
reflections  within  the  waveguide  (Table  2) .  Chamber  #2  (Figure  V) 
is  the  simpler  of  the  two,  designed  only  to  contain  a  vesicle 
suspension  and  to  allow  intermittant  temperature  measurement  and 
sampling  of  the  suspension.  Chemical  assays  were  performed  after 
irradiation.  Samples  could  be  monitored  by  flow  dialysis  during 
irradiation  by  using  sample  chamber  #1  (Figure  IV)  .  A  dialysis 
membrane  was  placed  between  the  halves  of  the  chamber  and  was 
sealed  at  the  edges  with  vacuum  grease  (Corning) ;  the  entire 
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<x.  -  sample  access  ports  (nylon) 
i  -  flow  dialysis  ports  (nylon) 
c  -  removable  waveguide  wall  section  (brass) 
<4  -  sample  chamber 
€  -  dialysate  space 
f  -  nylon  screws 


Figure  IV 


An  expanded  diagram  of  sample  chamber  #1  used  in  the 
irradiation  suspensions  of  sonicated  RBC  lipid  vesicles. 
Construction  details  are  shown  as_  well  as  the  relative  position 
in  the  waveguide  relative  to  the  £  and  H  field  components. 
stated  otherwise  all  materials  were  made  of  Plexiglas  (acrylic) . 

C A  -  FACE  VIEWS  OF  BOTH  HALVES 
3  -  SIDE  VIEW  OF  BOTH  HALVES 
Q  -  END  VIEW  INSIDE  WAVEGUIDE 
£>  -  SIDE  VIEW  INSIDE  WAVEGUIDE 
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Figure  V 


Diagram  of  sample  chamber  #2  used  in  the  i 
sonicated  egg  PC  vesicles  shown  in  position  within 
and  with  respect  to  the  £  and  H  field  components. 

JL  -  view  along  waveguide  axis  y  -  cut  away 


rradiation  of 
the  waveguide 

side  view 
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assembly  was  bolted  to  a  removable  section  of  waveguide  wall 
(Figure  III)  .  Cation  leakage  from  the  vesicles  on  one  side  of  the 
membrane  was  thus  continuously  accumulated  by  the  dialysate 
flowing  through  the  trough  on  the  other  side.  As  with  chamber  #2, 
samples  contained  by  chamber  #1  were  accessible  during 
irradiation  via  the  sample  ports. 


Table  2 


The  effects  of  the  different  sample  chambers,  with  and 
without  the  samples,  on  the  forward  (Pf),  reflected  (Pr), 
transmitted  (Pt)  and  absorbed  (Pa)  power  levels,  in  mW,  and  on 
the  voltage  standing-wave  ratio  within  the  waveguide.  VSWR's 
calculated  from  P  according  to  VSWR  Nomograph  #1  in  Ref.  (93)  . 


pf 

p 

r 

pt 

P 

a 

VSWR 

chamber 

#1 

chamber  empty 

110 

0 

81 

29 

1.0a 

sample  holder 

110 

0 

81 

29 

1.0a 

+  sample 

110 

0 

51 

59 

1.0a 

chamber 

#2 

chamber  empty 

110 

0 

82 

28 

1.0a 

sample  holder 

110 

0 

82 

28 

1.0a 

+  sample 

110 

1 

78 

31 

1.2 

chamber 

#3 

chamber  empty 

110 

0 

82 

28 

1.0 

sample  holder 

110 

10 

71 

29 

1.8 

+  sample 

110 

17 

61 

32 

2.2 

chamber 

#4 

chamber  empty 

110 

0 

82 

28 

1.0 

teflon  holder 

110 

18 

68 

24 

2.4 

holder  &  tubes 

110 

23 

63 

24 

2.7 

+  sample 

110 

27 

53 

30 

2.9 

a  -  P  <  0.01  mW,  i.e.  not  detectable,  therefore, 
l.r0  <  VSWR  <<  1.1 


Sample  chamber  #3  described  in  Figure  VI  was  the  predecessor 
to  chamber  #2  and  was  used  for  Na+  efflux  experiments.  This 
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d  -  sample  access  ports 
h  -  enoprene  O-rings 
C  -  sample  space 

d  -  dialysis  membrane  or  parafilm 
C  -  flow  dialysis  ports 
/  -  Nylon  bolts 

f ~  removable  waveguide  section 
h-  dialysate  space 


Figure  VI 


Expanded  diagram  of  sample  chamber  #3  used  in  the 
irradiation  of  suspensions  of  red  blood  cells.  Figures  show 
internal  construction  details  and  the  position  of  the  chamber 
inside  the  waveguide  with  respect  to  the  £*  and  ^  field 
components.  Materials  are  Plexiglas  (acrylic)  unless  otherwise 
noted. 

<A,~  view  along  cylindrical  axis 
13  -  cut  away  side  view 
C  -  end  view  inside  wave  guide 
V  -  side  view  inside 
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flow-dialysis  unit  differs  from  the  other  in  shape  and  by 
incorporating  neoprene  O-rings  in  lieu  of  the  vacuum  grease. 
Although  this  chamber  was  less  compatible  with  the  irradiation 
system,  as  indicated  by  a  VSWR  of  1.8  (Table  2),  it  was  used  more 
extensively  than  chamber  #2.  The  round  dialysis  unit  was  less 
prone  to  leaks  and  hence  was  a  more  equitable  compromise  in 
terms  of  biological  compatabil i ty .  This  advantage,  gained  by 
incorporating  O-rings,  also  reduced  the  risk  of  contamination  of 
the  sample  with  the  vacuum  grease  needed  to  seal  the  halves  of 
the  tapered  chamber.  Chamber  #3  was  also  used  simply  as  a  sample 
container  by  replacing  the  dialysis  membrane  with  parafilm. 


Tabl e  3 


The  maximal  possible  VSWR  contribution  of  the  samples 
alone.  Maximal  errors  in  specific  absorption  rates 
determined  from  maximal  conjugate  mismatch  losses  (48)  . 


chamber 

maximum 

sample 

VSWR 

sample 

volume 

(ml) 

SARa 

mW/g 

maximum 
error  in  SAR 

% 

mW/g 

#1 

1.00 

4.5 

6.5 

4 

0.26 

#2 

1.15 

1 

3.0 

4 

0.12 

#3 

1.22 

1 

3.0 

14 

0.42 

#4 

1.12 

2 

3.0 

24 

0.72 

a  - 

from  Pf 

=  110  mW 

The  chamber  least  compatible  with  the  irradiation  system  was 
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found  to  be  #4  (Figure  VII).  The  Teflon  block  used  to  hold  two 
Eppindorf  1.5-ml  centrifuge  tubes  was  the  primary  contributor  to 
the  high  waveguide  VSWR  (Table  2)  and  consequently  caused  the 
greatest  SAR  uncertainty  (Table  3)  as  determined  from  the  maximal 
conjugate  mismatch  losses  (48).  This  two-tube  arrangement,  in 
sample  chamber  #4,  however,  allowed  the  irradiation  of  two 
samples  simultaneously  and  the  use  of  standard  size  centrifuge 
tubes  facilitated  the  accurate  processing  of  samples  after 
irradiation.  Because  sample  chamber  #4  was  so  versatile  it  was 
used  for  the  K+  influx,  ATPase  activity  and  net  Na+  and  K+ 
flux  experiments.  In  retrospect,  however,  a  pair  of  chambers 
similar  to  #1  positioned  symmetrically  and  in  parallel  within  the 
waveguide  would  have  been  almost  as  versatile  but  more  compatible 
with  the  waveguide  system. 

Power  levels  (P^,  P  and  P. )  measured  within  the 

f  r  t 

waveguide  system  containing  each  of  the  sample  chambers,  and 
their  components,  are  compared  in  Table  2  with  the  power  levels 
measured  in  an  empty  waveguide.  For  the  sake  of  comparison  all 
measurements  were  made  at  P^  =  110  mW  (albeit  that  this  was  not 
necessarily  used  in  all  experiments  which  are  reported  in  the 
relevant  sections).  The  VSWR  was  determined  from  the  ?  ,  and  the 
time  rate  of  energy  absorption  (PQ)  for  each  condition  within 
the  waveguide  was  calculated  as: 


Ideally  there  would  be  no  attenuation  within  an  empty 


■ 


38 


-  Teflon  tube  holder 

b-  1.5  cc  Eppendorf  sample  tubes  (plastic) 

C  -  nylon  bolt 

cL  -  removeable  waveguide  wall  section  (brass) 


/ 


i - 1 

fcsn. 


Expanded  diagram  of  sample  chamber  #4  used  in  the 
irradiation  of  suspensions  of  red  blood  cells  and  red  blood  cell 
ghosts.  Figures  show  construction  details  and  orientation  of  the 
chambers  within  the  waveguide  and  with  respect  to  £  and  h  field 
vectors . 

<A-  FRONT  VIEW 

3  -  SIDE  VIEW  INSIDE  WAVEGUIDE 
c  -  END  VIEW  INSIDE  WAVEGUIDE 
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waveguide  but  the  losses  within  the  system  were  far  from  ideal 
(Table  2) .  Power  losses  of  this  magnitude  may  have  been  caused  by 
the  large  number  of  waveguide  connections  but  more  likely  result 
from  the  two  curved  sections  of  waveguide  incorporated  into  the 
system  (Figure  II)  which  are  known  to  be  particularly  subject  to 
loss.  This  attenuation  within  the  empty  waveguide  did  not 
affect  the  experiments  but  were  accomodated  in  calculating  the 
power  absorption  rates  of  the  samples. 

The  empty  sample  chambers  caused  little  further  attenuation 
when  introduced  to  the  waveguide  (Table  2),  although  chambers  #3 
and  #4  contributed  significantly  to  the  VSWR  within  the 
waveguide.  There  was  a  further  increase  in  the  VSWR  when  the 
samples  were  put  into  the  chambers  (Table  2)  but  the  maximal 
contributions  to  VSWR  of  the  samples  alone  (if  all  standing 
waves  are  in  phase) ,  are  calculated  as: 


(VSWR)  total 

(VSWR)  sample  =  - 

(VSWR)  empty  chamber 
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were  _<  1.22  for  all  chambers  (Table3).  However, 
mismatches  due  to  the  high  VSWRs  caused  by  chambers  #3  and  #4 
resulted  in  large  uncertainties,  14%  and  24%  respectively,  in  SAR 
measurements.  The  principle  mismatch  in  experiments  with 
chambers  #1  and  #2  was  assumed  to  result  from  power  meter 
coupling  VSWRs,  estimated  at  a  maximum  of  1.35  (48). 
Consequently  SAR  uncertainty  in  experiments  with  chambers  #1 
and  #2  was  only  4%  (Table  3) . 

All  the  standing  waves  referred  to  thus  far  are  within  the 
waveguide;  they  do  not  reflect  field  conditions  within  the  sample. 
The  VSWRs  shown  in  Tables  2  and  3  are  only  indicative  of  the 
suitability  of  the  chamber  and  sample  shapes  to  the  irradiation 
conditions  chosen  for  this  study.  These  mismatches  affected  only 
one's  ability  to  estimate  accurately  the  rate  of  microwave 
absorption  by  our  samples  (Table  3)  and  do  not  directly  affect 
the  sample. 

The  above  account  of  VSWR  within  the  waveguide  does  not, 
however,  negate  the  possibility  of  electrical  or  thermal  hot 
spots  within  the  sample.  The  conditions  described  simply 
indicate  that  if  either  exist,  the  field  pattern  responsible  will 
be  extremely  complex.  Data  to  be  presented  subsequently,  however, 
indicate  that  the  possibility  of  such  a  hot  spot  is  small.  The 
effects  observed  in  red  blood  cells  are  not  conventionally 
associated  with  heating  nor  could  they  be  the  result  of  thermal 
denaturation  of  any  part  of  the  erythrocyte.  No  thermal 
gradients  were  detected  in  any  of  the  samples  immediately  after 


irradiation. 


Ill  LIPID  VESICLE  EXPERIMENTS 


1  :  INTRODUCTION  AND  PURPOSE 

Cation  flux  across  the  erythrocyte  membrane  is  mediated  by  a 
number  of  transport  processes.  Portions  of  the  sodium  and 
potassium  fluxes,  actively  mediated  by  the  (Na++K+ ) ATPase , 
can  be  eliminated  in  many  cell  systems,  including  erythrocytes, 
by  as  little  as  5  x  10  ouabain  (25  ,  38  ,  59,  98).  Small 

fluxes  of  these  cations  are,  however,  still  evident  in  the 
presence  of  ouabain.  In  the  absence  of  (Na++K+ ) ATPase ,  Na+ 
and  K+  flux  may  occur  by  simple  and/or  facilitated  diffusion. 
Diffusion  may  occur  directly  across  the  lipid  bilayer  or  may  be 
mediated  by  membrane  proteins.  An  accurate  description  of  the 
influence  of  microwaves  on  protein-mediated  Na+  and  K+  fluxes 
required  an  assessment  of  the  effects  of  microwaves  on  simple 
cation  diffusion  across  the  exclusively  lipid  fraction  of  the 
erythrocyte  membrane. 

Sonicated  vesicles  of  egg  phosphatidylcholine  (egg  PC)  and 

erythrocyte  lipid  extract  (RBC-lipid)  were  used  as  models  (5)  of 

2  4  + 

the  erythrocyte  lipid  bilayer.  Leakage  of  Na  from 
sham-irradiated  vesicles  and  from  those  exposed  to  low-level 
2450-MHz-CW  field  (expt  V3)  or  a  3-Hz  sweep  in  the  2350to 
2550-MHz  range  (expt  VI  and  V2),  was  observed.  Simple  diffusion 
rates  of  Na+  from  control  and  irradiated  vesicles  were 
resolvedby  use  of  the  results  of  these  experiments.  Microwaves 
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at  2450-MHz,  whether  modulated  or  not,  did  not  significantly 
influence  the  leakage  of  Na+  either  from  sonicated  egg-PC  or 
RBC- lipid- vesicles . 

2  :  MATERIALS  AND  METHODS 
2-1  :  Erythrocyte  Lipid  Extract  Preparation 
Total  lipids  were  extracted  from  one  unit  of  packed  human 
erythrocytes  (provided  by  the  University  of  Alberta  Hospital 
Blood  Bank)  by  use  of  a  modification  of  a  previously  described 
technique  (22)  .  The  cells  were  mixed  with  5  vol  CH^OH  and  5  vol 
CHCl^  and  were  allowed  to  stand  for  30  minutes  with  occasional 
stirring.  The  bulk  of  the  proteinaceous  precipitate  was  removed 
by  filtration  (Whatman  #1) .  The  filtrate  was  chilled  to  4  °C 
and  allowed  to  stand  until  the  H^O/CH^OH  and  CHCl^  layers 
had  completely  separated  (~3  hours)  .  The  lipids  were  removed  by 
rotoevaporat ion  of  the  CHCl^  layer  and  were  resuspended  in  a 
small  volume  of  CHCl^  to  which  was  added  10  vol  CHCl^,  1  vol 
CH^OH  and  0.75  vol,  0.1  M  KC1 .  This  mixture  was  vigorously 
shaken  in  a  separatory  funnel  and  allowed  to  stand  at  4  °C  until 
the  H ^ 0 /CH ^OH  and  CHCl^  layers  had  completely  separated 
(~30  minutes).  After  rotoevapor  a  t  ion  of  the  CHCl^  layer,  the 
lipids  were  resuspended  in  benzene  (20.66  mg  lipid/mg  benzene) 
and  stored  frozen  (-20  °C)  until  required. 

2-2  :  Experimental  Procedure 

For  each  of  experiments  Vl  through  V5,  egg-PC  (Makor 
Chemicals,  Israel)  or  RBC-lipids  were  suspended  in  the  chilled 
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buffer  solutions  described  in  Table  4.  The  suspensions  were  then 
sonicated  at  4  °C  under  nitrogen  according  to  the 
specifications  listed  in  Table  5.  Transbilayer  cation  diffusion 
may  be  affected  by  lipid  oxidation  (5,  85).  Measures  were  taken, 
while  preparing  lipid  vesicles,  to  minimize  lipid  oxidation: 
elimination  of  unnecessary  air  contact  and  flooding  air-spaces 
with  nitrogen  (52,  65,  83). 


Table  4 


The  chemical  makeup  of  the  lipid  suspensions  that  were 
sonicated  to  produce  lipid  vesicles  in  each  of  experiments  VI 
through  V5.  All  buffers  were  adjusted  to  pH=7.4  with  HC1. 


exp 

lipid 

buffer 

constituents 

(mM) 

# 

type 

NaCl 

KC1 

Tris/HCl  MgCl^  Cysteine 

Na^HPO^ 

Dextrose 

VI 

egg-PC 

130 

20 

10 

5 

0 

0 

0 

V2 

egg-PC 

130 

20 

10 

5 

0 

0 

0 

V3 

egg-PC 

145 

4 

0 

1 

0 

2.5 

11 

V4 

RBC 

100 

10 

30 

5 

1 

0 

0 

V5 

RBC 

100 

10 

30 

5 

1 

0 

0 
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Table  5 


The  specifications  for  the  sonication  procedures  used  in  experiments  VI 
through  V5. 


exp 

suspension 

ultrasonication(a) 

vesicles 

# 

volume 

(ml) 

lipid 

cone. 

(mg/ml) 

type  duration 

(min) 

power 

(watts) 

trapped 
volume 
(ml/ gm) 

diameter 

(nm) 

VI 

2.0 

25 

bath 

90 

80 

I 

O 

• 

i — 1 

21 

V2 

o 

• 

CN 

25 

bath 

90 

80 

o 

• 

r-H 

21 

V3 

2.0 

25 

probe 

45 

50 

1.0 

21 

V4 

1.5 

14 

probe 

45 

50 

2.2 

60 

V5 

1.5 

14 

probe 

45 

50 

2.2 

60 

a  -  During  bath  sonication  (Labratory  Supplies  Co. 
Hickerville,  N.Y.  Model  G112SP1G)  energy  was  delivered  to  the 
whole  bath  including  the  sample.  Energy  delivered  to  the  sample 
is,  thus,  much  less  than  80  watts.  During  probe  sonication  (Heat 
Systems-Ultrasonics  Inc.  Plainview,  N.Y.  Sonifier  Cell  Disruptor 
W185)  the  energy  stated  is  that  delivered  to  the  microprobe  in 
the  sample. 

+  2  4 

In  each  buffer  a  portion  of  the  Na  was  as  NaCl  (20 

yuCi/mg  for  experiments  VI  and  V2)  or  ^NaOH  (14^Ci/mg  for 

experiments  V3,  V4  and  V5)  provided  by  the  University  of  Alberta 

Slowpoke  Facility.  Some  of  the  4Na  (2-3%)  was,  therefore, 

24  + 

trapped  inside  the  vesicles  when  formed.  Extr avesicular  Na 
was  removed  by  gel  chromatrogr aphy  (Table  6) .  The  same  buffer 
used  in  sonication,  excluding  the  ^Na+,  was  used  as  the 
eluent.  This  procedure  also  allowed  the  separation  of  unwanted 
multilamellar  vesicles  and  removed  any  titanium  particles  that 
may  have  dispersed  during  probe  sonication.  Typical  resolution 
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of  the  vesicles  on  a  Sepharose  4B  column  is  shown  in  Figure  VIII. 
The  aliquots  of  eluent,  collected  in  3  or  5  minute  increments, 
coincident  with  the  vesicle  peak  (Figure  VIII)  were  pooled  and 
used  in  this  form  for  the  experiments. 


Table  6 


Specifications  of  the  pre-exposure  chromatographic  procedures 
used  to  separate  unilamellar  \re s i <^1  e s  from  mul t ilamellar 
vesicles  and  extr avesicular  4Na  . 


exp 

# 

type 

flow 

rate 

(ml/min) 

void 

volume 

(ml) 

column 

dimensions 

(cm) 

VI 

Sephadex  G-50 

6.5 

39 

25  x  2.5 

V2 

Sephadex  G-50 

6.5 

39 

25  x  2.5 

V3 

Sepharose  4B 

1.0 

30 

25  x  2.5 

V4 

Sepharose  4B 

0.8 

22 

25  x  2.0 

V5 

Sepharose  4B 

0.8 

22 

25  x  2.0 

The  experiments  were  carried  out  under  the  criteria  specified 
in  Table  7.  At  the  end  of  each  experiment  the  control  and  exposed 
samples  of  egg-PC  vesicles  were  rechromatographed  (Table  8)  to 
resolve  vesicular  from  extra-vesicular  Na  .  Aliquots  of 
eluent  were  collected  in  3  minute  increments  and  analysed  for 
24Na+  (Beckman  4000  gamma  counter).  The  rate  of  24Na  + 


leakage  was  calculated  as: 
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Figure  VIII 

Resolution  of(j():  multilamellar  ^/esi^les,  ( )  :  unilamellar 
vesicles  and(C  ):  extr avesicular  ‘Na  in  a  sonicated  RBC 
lipid  suspension  by  absorbance  UV  spectroscopy  at  280  nm  and  by 
gamma  spectroscopy  of  the  eluent  from  a  sepharose  4B  column.  The 
fractions  containing  the  unilamellar  vesicles  were  pooled  and 
used  for  experiments. 
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.  24  + 

extr avesicular  Na  counts 
--  - 

total  Na  counts 


100%  =  %  Na  leakage 

x  -  - 

t ( hr )  hr 


2  4  + 

Leakage  of  Na  from  RBC  lipid  vesicles  was 

monitored  during  irradiation  by  flow  dialysis.  The  1-ml  samples 

were  dialysed  against  a  0.5  ml/min  flow  of  the  same  buffer  in 

which  the  vesicles  had  been  sonicated  (Table  4),  excluding 
24  + 

Na  .  Dialysis  was  not  interrupted  while  the  samples  were 

maintained  under  control  conditions,  followed  by  irradiation,  and 

finally  returned  to  control  conditions  (Table  7).  Aliquots  of 

dialysate  were  collected  every  3  or  5  minutes  and  then  analysed 

for  ^Na+.  The  rate  of  leakage  of  ^Na+  from  the  RBC  lipid 

vesicles  was  determined  by  pooling  the  counts  from  the  aliquots 

of  dialysate  collected  during  sham  or  microwave  exposure.  The 

2  4  + 

portion  of  the  total  sample  Na  leaked  during  each  period 
was  calculated  and  the  resulting  values  were  adjusted  to  %Na+ 
leakage/hour . 
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Table  7 


The  vesicle  suspension  exposure  scheme  for  experiments  VI  through 
V5. 


sample 

lipid 

sample 

irrad. 

sample 

control 

sample 

chamber 

cone. 

size 

exposure 

SAR 

used 

(mg/ml) 

(ml) 

T°C 

duration 

mW/g 

duration 

sequence 

VI  2 

2.5 

8.5 

25 

6  h 

1 

6  h 

same  time 

9  h 

1 

9  h 

same  time 

V2  2 

2.5 

8.5 

25 

6  h 

1 

6  h 

same  time 

9  h 

1 

9  h 

same  time 

V3  3 

2.5 

2.0 

23 

11  h 

25 

11  h 

same  time 

19  h 

25 

19  h 

same  time 

V4  1 

1.12 

1.0 

23 

36  min 

2 

33  min 

before 

42  min 

after 

V5  1 

1.12 

1.0 

23 

70  min 

2 

60  min 

before 

60  min  after 
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Table  8 


Specifications  of  the  post-exposure  chromatographic  procedures  used 
to  separate  vesicles  from  leaked,  extr avesicular  4Na  after 
microwave  exposure. 


exp 

# 

type 

flow 

rate 

(ml/min) 

void 

volume 

(ml) 

column 

dimensions 

(cm) 

VI 

Sephadex  G-25 

3 

31 

50  x  1 

V2 

Sephadex  G-25 

3 

31 

50  x  1 

V3 

Sephadex  G-25 

3 

15 

25  x  1 

V4 

(leakage  determined 

by 

flow  dialysis) 

V5 

(leakage  determined 

by 

flow  dialysis) 

2-3  :  Calculation  of  Na+  Permeability 

The  trapped  volume  of  the  sonicated  egg-PC  vesicles  was 
assumed  to  be  the  same  as  that  described  by  Huang  and  Thompson 
(53):  0.9849  ml/g  of  egg-PC.  It  was  predicted  from  the  equation: 


0.9849  ml  trapped  0.025  g  egg  PC 

-  x  -  x  100 

g  egg  PC  ml  suspension 

that  25%  of  the  suspension  would  be  trapped  by  the 

sonicated  egg-PC  vesicles.  This  figure  agreed  well  with  the 
2.0%,  2.0%  and  2.4%  of  the  24Na+  trapped  by  the  vesicles  in 
experiments  VI,  V2,  and  V3  respectively.  The  outside  diameter  of 
the  egg  PC  vesicles  was  taken  to  be  the  same  as  those  of  Huang 
and  Thompson;  210+0.8  nm(52,  30). 


50 


Erythrocyte  lipids  were  sonicated,  as  described,  with  0 . 3  /<Ci 
14 

C-cholesterol  and  12.5  i  H-mannitol.  The  vesicle 

suspension  was  chromatographed  on  a  Sepharose  4B  column  (Table 

6).  The  proportion  of  the  original  ^C-cholesterol  isolated  in 

the  vesicle  peak  times  the  original  amount  of  lipid  in  the 

sonicated  suspension  was  an  index  of  the  amount  of  lipid  in  the 

isolated  vesicle  population.  Likewise,  the  proportion  of  the 
.  .  3 

original  H-mannitol,  a  soluble  but  impermeant  sugar,  isolated 

in  the  vesicle  peak  times  the  volume  of  the  original  suspension 

14 

provided  the  volume  trapped  by  the  above  C-vesicles.  This 
determination  yielded  a  value  of  2.2  ml/g  RBC-lipid  for  the 
trapped  volume  of  sonicated  RBC— lipid  vesicles.  This  trapped 
volume  corresponds  to  a  vesicle  population  with  a  mean  diameter 
of  about  60  nm  (27) . 

Using  these  values  for  the  trapped  volume  and  vesicle 

diameter  the  total  bilayer  area  of  the  vesicles  and  moles 

4Na+  trapped  per  crn  of  bilayer  were  calculated.  The 

leakage  rates  in  %/h  could  thus  be  converted  to  leakage  rates  in 
2 

mol/cm  *h  and  hence  the  values  of  P.,  (cm/s)  could  be 
'  N  a 

calculated. 


3  :  RESULTS  AND  DISSCUSSION 

The  variability  among  the  4Na  leakage  rates  from  egg-PC 
vesicles  (Table  9)  reflects  the  relatively  slow  (~l%/h)  rate  of 
diffusion  of  24Na+  across  the  bilayer.  Large  counting  errors 
were  also  associated  with  the  low  level  of  radioactivity  in  the 
aliquots  of  extr avesicular  24Na+  collected  by  chromatography 
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of  the  samples  (Figure  IX)  (30).  It  is  assumed,  however,  that  the 
variance  is  the  same  in  all  figures  used  to  calculate  the  mean 
leakage  rates  as  presented.  The  standard  errors  (SEM)  of  these 
means  are  therefore  accurate  (105)  and  the  absence  of  a  microwave 
effect  on  Na+  leakage  from  egg  PC  vesicles  at  25  °C ,  is 
statistically  significant. 

Counting  error  in  Experiment  V3  (Figure  X)  was  minimised  by 

increasing  the  counting  time  of  each  aliquot  and  performing  four 

replicate  counts  of  each  aliquot  (30)  .  While  these  measures 

minimised  machine  error  they  had  little  effect  on  the  standard 

errors  of  the  two  means  compared  with  those  in  experiment  VI  or 

V2.  We  must  assume  that  the  pooled  means  (0.131+0.039  and 

0.119+0.032  %Na+  leaked/h  from  control  and  exposed  vesicles, 

respectively)  accurately  reflect  the  mean  and  variability  of 

Na+  leakage  from  different  populations  of  egg-PC  vesicles 

(Table  9).  As  in  the  two  previous  experiments,  microwaves  did  not 

affect  Na+  leakage  although  these  vesicles  were  exposed  to 

microwaves  for  periods  of  up  to  19  h  at  23  °C  (Figure  XI)  . 

24  + 

The  Na  leakage  rates  from  RBC  lipid  vesicles  (Table  9) 

2  4  + 

were  less  variable  than  Na  leakage  rates  from  egg  PC 

24  + 

vesicles.  This  was  due  to  the  much  higher  Na  leakage  from 
RBC  lipid  vesicles  (Table  9).  Furthermore,  the  procedure  used  to 
determine  the  leakage  rates  eliminated  most  of  the  machine  error. 
Leakage  of  24Na+  from  RBC-lipid  vesicles  was  monitored  by 
flow  dialysis  (Figure  XII)  and  the  rates  were  calculated  by 
integrating  cpm/aliquot  over  a  minimum  of  twelve  3-min  aliquots. 
This  integration  averaged  out  any  deviation  that  resulted  from 


Figure  IX 

2  4  + 

The  effect  of  microwaves  on  Na  leakage  from 

sonicated  egg-PC  vesicles  in  experiment  V3  shown  by  Sephadex  G25 
chromatography  of  the  vesicle  sample  after  19  h  of  irradiation. 


Figure  X 

2  4  + 

The  effect  of  microwaves  on  Na  leakage  from 
sonicated  egg  PC  vesicles  in  experiment  VI  shown  by  Sephadex  G25 
chromatography  of  the  vesicle  sample  after  9  h  of  irradiation. 
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Figure  XI 


The  effect  of  microwaves  on  Na 
sonicated  egg-PC  vesicles  in  experiment  V3. 
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Figure  XII 

.  24  + 

The  effect  of  microwaves  on  the  cumulative  Na  leakage 
from  RBC-lipid  vesicles  measured  by  flow  dialysis  of  suspensions 
of  sonicated  RBC-lipid  vesicles.  ( J,  )  :  experiment  V5,  (£): 

experiment  V4 .  The  onset  (on)  and  termination  (off)  of 
irradiation  are  shown  for  each  experiment. 
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counting  error.  Low-level  2450-MHz-CW  microwaves  exerted  no 
apparent  effect  on  the  rate  of  ^Na+  leakage,  calculated  as 
described  above  (Table  9)  ,  or  as  monitored  by  flow-dialysis 
(Figure  XII ) . 

The  reported  range  of  Na+  leakage  rates  from  egg-PC 

vesicles,  0 . 085-0 . 15 8 %/h  ,  lie  within  the  range  described  by 

Papahad j opoulos  (84)  for  sonicated  DPPC  (dipalmytoyl 

phosphatidylcholine)  vesicles:  0-0.5%/h.  Further,  he  showed  that 

Na+  leakage  from  PC  vesicles  is  relatively  constant  below  37 

°C.  No  detectable  microwave- i nduced  temperature  increases  (+ 

0.1  °C ) ,  that  could  have  caused  an  increase  in  ^Na+ 

leakage,  were  noted  in  any  of  the  exposed  samples  maintained  at 

temperatures  between  23  and  25°C.  The  range  of  leakage  rates 

reported  for  DPPC  vesicles  may  not  be  strictly  comparable  to 

egg-PC  vesicles,  which  contain  a  number  of  different  fatty  acids 

(45) ,  since  acyl  chain  composition  is  known  to  affect  the  Na+ 

permeability  of  vesicles  (85).  The  calculated  Na+ 

permeabilities  for  the  egg  PC  vesicles  (Table  9)  is  within  that 

previously  reported  for  egg  PC  vesicles:  1.2  x  10  ^cm/s  (57) 
- 1  2 

to  2.8  x  10  cm/s  (85) .  The  pNa+  values  are  also  of  the 
same  order  as  those  reported  for  other  PC  containing  vesicles:  5 
to  11  x  10  14cm/s  (84) . 

Although  phosphatidylcholine  is  a  major  constituent  lipid  of 
the  erythrocyte  membrane  (56)  and  provides  a  good  initial  model 
of  a  biological  lipid  bilayer,  the  permeability  of  many  membranes 
is  influenced  by  the  proportions  of  different  phospholipids  and 
steroids  (83,  85).  In  this  respect  unilamellar  vesicles  of 


extracted  RBC-lipid  provide  a  more  realistic  and  convenient  model 
of  the  non-proteinaceous  portion  of  erythrocyte  membrane. 

The  permeability  of  the  RBC  lipid  vesicles  is  three  orders  of 
magnitude  higher  than  that  of  the  egg-PC  vesicles  (Table  9)  .  The 
increased  leakage  observed  in  the  RBC-lipid  vesicles  over  that  of 
the  PC  vesicles  is  comparable  to  values  reported  elsewhere,  i.e; 
that  Na+  leakage  rates  from  lecithin  vesicles  are  increased 
about  20x  by  adding  equimolar  concentrations  of  other  lipids 
including  cholesterol  (65).  RBC-lipid  extract  contains  large 
amounts  of  cholesterol  and  a  variety  of  lipids  (90) . 

There  are  two  possible  explanations  for  the  PNa+  of  the 
RBC  vesicles  (Table  9)  being  an  order  of  magnitude  less  than  that 
reported  for  intact  RBC  membranes:  10  ^  cm/s  (57).  The  intact 
erythrocyte  membrane  is  about  50%  protein  (75)  and  about  half  the 
lipid  component  is  cholesterol  (90).  If  one  removes  the  protein, 
the  lipid  previously  associated  with  the  membrane  protein  (47, 
114)  is  now  free  to  interact  with  the  cholesterol.  Thus  there  may 
be  an  effective  increase  in  the  lipid : cholesterol  ratio  in  the 
bilayer.  The  ?Na+  of  mixed  lipid  vesicles  has  been  shown  to 
decrease  with  increasing  cholesterol  content  (83) . 

The  other  possiblity  is  that  the  lower  cation  permeability 
of  the  RBC  vesicles  compared  with  that  of  intact  erythrocytes 
results  from  the  absence  of  protein  in  the  RBC-lipid  vesicles. 
Incorporating  Glycophorin,  a  major  protein  of  the  erythrocyte 
membrane  into  vesicles  of  DOPC  (dioleoyl  phosphatidylcholine)  has 
been  shown  to  increase  the  leakage  of  K+  by  76%  (120)  .  The 
possibility  that  the  ouabain-poisoned  (Na++K+ ) ATPase  may 


still  mediate  some  form  of  cation  transport  has  been  suggested 
(8)  and  may  also  be  responsible  for  the  apparently  high  PNa+  of 

the  intact  erythrocyte  membrane. 

24  + 

Leakage  of  Na  from  lipid  vesicles  is  assumed  to  be  by 
diffusion  unless  degradation  of  the  vesicles  is  occuring.  There 
are  accounts  of  up  to  52%  of  total  Na+  leakage  from  PC  vesicles 
being  due  to  vesicle  degradation  (65)  ,  but  Paphad jopoulos  (83) 
reports  insignificant  degradation  of  egg-PC  vesicles  prepared  at 
4  °C ,  by  sonication  under  nitrogen.  Further,  the  P„  +  values 
for  PC  vesicles  (Table  9)  are  at  the  low  end  of  the  range  of 
reported  PNa+  values  for  PC  vesicles. 


IV  UNIDIRECTIONAL  FLUXES 


1  :  INTRODUCTION  AND  PURPOSE 

The  lipid  bilayer  portion  of  the  erythrocyte  membrane 
provides  not  only  the  major  permeability  barrier  between  the 
intracellular  and  extracellular  environments  but  also  the 
supporting  structural  matrix  for  membrane  proteins  such  as  the 
Na+  and  K+  translocating  ATPase.  Having  established  that 
low-level  2450-MHz  microwaves  do  not  significantly  influence 

Na+  leakage  from  sonicated  RBC-lipid  vesicles,  the  influence  of 

24+  42+ 

microwaves  on  the  Na  efflux  (31)  and  K  influx 

mediated  by  the  (Na++K+ )  ATPase  in  intact  human  erythrocytes 

was  studied.  Fluxes  of  Na+  and  K+  mediated  by  the 

(Na++K+ ) ATPase  were  resolved  as  the  difference  in  flux  rates 

with  and  without  ouabain.  Fluxes  occuring  in  the  presence  of 

ouabain  probably  differ  from  the  Na+  leakage  from  RBC-lipid 

vesicles  because  of  the  absence  of  protein  in  the  latter. 

Ouabain-poisoned  cells  may  effect  cation  flux  by  facilitated 

diffusion  or  by  some  active  but  ouabain-insensitive  cation  pump 

(50).  The  latter,  ouabain- insens  itive  contributions  must  be 

considered  in  evaluating  the  influence  of  microwaves  on  Na+  and 

Kt”  transport  across  the  intact  red-cell  membrane. 

The  temperature  dependence  of  both  active  and  passive  Na+ 
and  K+  transport  processes  may  have  special  implications  on  the 
biological  effects  of  microwaves.  Olcerst  et  al  (81)  demonstrated 
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2  2  + 

increased  Na  efflux  from  o u a b a i n - t r e a t e d  rabbit 
erythrocytes  exposed  to  2450-MHz  microwaves  only  in  the  range  of 

8  to  13  °C  and  also  at  22.5  °C  and  38  °C .  The  authors 

correlated  these  temperatures  with  discontinuities  in  the 

•  2  2  + 

Arrhenius  plots  for  passive  Na  efflux  from  rabbit 

erythrocytes.  Therefore,  temperature  was  introduced  as  an 

experimental  variable  in  the  following  experiments.  Temperature 

dependence  of  the  effect  of  microwaves  on  Na+  and  K+ 

transport  and  other  biological  systems  (29)  may  prove  to  be  the 

cause  of  conflicting  reports  (7,  31,  44,  53,  54,  67,  81) 

concerning  the  existence  of  a  biological  effect  in  this  system. 

2  :  MATERIALS  AND  METHODS 
2-1  :  Na+  Efflux  -  Cell  Suspension 

Venous  blood  ("100  ml)  was  drawn  from  an  apparently  healthy 

human  volunteer  24  hours  before  the  start  of  each  experiment.  The 

blood  was  collected  in  two  tubes,  each  containing  10-ml 

acid: citrate : dextrose  (75  mM  Sodium  Citrate,  38  mM  citric  acid 

and  136  mM  dextrose)  and  was  immediately  centrifuged  at  2500  x  g 

for  5  min.  The  erythrocytes  were  separated,  suspended  in  3  vol 

of  chilled  'high  K+  buffer'  (2.5  mM  Na2HP04,  8.55  mM  NaCl, 

140  mM  KC1  and  1  mM  MgCl^  adjusted  to  pH  7.4),  and  recentrifuged 

at  2500  x  g  for  5  min.  This  washing  procedure  was  repeated  twice 

with  the  'high  K  buffer'  to  remove  excess  Na  before  loading 

.  2  4  + 

the  cells  with  Na  . 

The  cells  were  incubated  at  4  °C  for  20  h  in  2  vol  of 
'loading  buffer'  ['high  K+  buffer'  with  the  addition  of  0.1  mM 
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paracholormercur  ibenzene  sulfonate  (PCMBS;  Sigma  Chemical  Co., 

St.  Louis,  MI)].  The  PCBMS  was  added  to  inhibit  active  Na+ 

transport  and  increase  Na+  permeability  of  the  cells  (36) .  In 

this  'loading  buffer',  the  8.55  mM  NaCl  was  replaced  with  8.55  mM 
24 

NaOH  (~31.1  ytcCi/mg;  University  of  Alberta  Slowpoke  Facility) 

and  the  pH  was  adjusted  to  7.4  with  HC1.  At  the  end  of  the 

incubation  intra-  and  extracellular  ^Na+  concentrations  had 

24  + 

equilibrated.  The  Na  -loaded  erythrocytes  were  separated  by 
centrifugation,  2500  x  g  for  5  min,  and  resuspended  in  3  vol  of 
'clearing  buffer'  (2.5  mM  Na2HP04,  145  mM  NaCl,  4  mM  KC1,  1  mM 
MgCl2,  11  mM  D-glucose  and  2  mM  L-cysteine  (Sigma)  at  pH  7.4. 
L-Cysteine  competitively  binds  PCMBS  thereby  disinhibiting  the 
(Na++K+ ) ATPase  and  restoring  the  original  PNa+  of  the  cells 
(36,  116).  The  suspension  was  incubated  at  37  °C  for  1  h, 
during  which  time  the  clearing  buffer  was  replaced  twice.  This 

procedure  removed  all  of  the  PCMBS  (37)  and  extracellular 

2  4m  + 

N  a 

2  4  + 

The  Na  -loaded  cells  were  resuspended  in  2  vol 

'experimental  buffer'  ('clearing  buffer'  but  without  L-cysteine) 

and  separated  by  centrifugation  (2500  x  g  for  5  min).  This  washing 

procedure  was  repeated  twice.  The  cells  were  resuspended  to  a 

hematocrit  in  the  range  of  30  to  50%.  Half  of  the  preparation  was 

divided  into  1-ml  samples  for  determination  of  total  Na+ 

-4 

efflux.  Ouabain  (10  M,  Sigma)  was  added  to  the  other  half; 
this  was  divided  into  1-ml  samples  for  the  determination  of 
ouabain- insensi tive 2 *  4Na  efflux.  All  samples  were  stored  at 

4  °C  until  used. 
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2-2  :  Na+  Efflux-Experimental  Procedure 

Sample  chamber  #3  (Figure  VI)  was  used  for  all  Na+  efflux 
experiments.  A  piece  of  dialysis  membrane  (spectrapore,  2  to  3000 
MW)  divided  the  sample  and  dialysate  spaces  for  flow  dialysis. 
Dialysis  was  started  immediately  after  placement  of  the  sample 
into  the  chamber.  To  insure  that  the  cells  were  evenly 
distributed  throughout  the  suspension  during  irradiation, 
water-saturated  air  was  bubbled  through  the  sample  via  the  lower 
sample  access  port  at  1.5  ml/min.  Continuous  mixing  also  insured 
the  absence  of  thermal  gradients  within  the  sample  caused  by  heat 
flow  from  the  water  jacket  or  potentially  uneven  microwave 
heating.  The  mechanical  stress  on  the  cells  at  this  flow  rate 
caused  less  than  1%  hemolysis.  The  temperatures  of  the  exposed 
samples  measured  before  irradiation  were  the  same  as  those 
measured  after  irradiation.  These  are  reported,  for  each 
irradiation,  in  the  results.  The  temperatures  of  the  control 
samples,  monitored  during  irradiation,  did  not  deviate  more  than 
0.05  °C  during  a  run. 

The  dialysate  (experimental  buffer)  flowed  continuously  via 

the  dialysate  ports  and  across  the  dialysis  membrane  at  30  ml/h 

and  was  collected  every  5  min  (12  x  2.5  ml/h)  on  a 

24  + 

fraction-collector  (LKB/Bromma  2112  Redirac).  The  Na 
activity  of  each  fraction  was  analysed  on  a  Beckman  4000-gamma 
counter.  Experimental  measurements  were  taken  only  after  the 
system  had  been  allowed  to  equilibrate  for  30  min. 

In  all  other  experiments,  the  sample  was  isolated  from  the 
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dialysate  space  of  the  sample  chamber  by  a  piece  of  Parafilm 

inserted  in  place  of  the  dialysis  membrane.  The  sample  was 

inserted  and  allowed  to  equilibrate  to  the  selected  temperature 

for  30  min,  then  a  0 . 3-ml  aliquot  was  withdrawn  for  determination 

of  initial  intra-  and  extracellular  Na  .  After  further 

incubation  for  1  or  2  h,  the  remaining  0.7  ml  was  used  for  three 

replicate  determinations  (0.2-ml  each)  of  the  final  intra-  and 

24  + 

extracellular  Na  levels  and  for  measurement  of  hematocrit. 

To  determine  intra-  and  extracellular  ^Na+,  0.2  ml  of 

'experimental  buffer'  was  layered  on  top  of  0.2  ml  dibutyl 

phthalate  (43)  in  a  1.5-ml  disposable  Eppendorf  centrifuge  tube 

and  an  aliquot  of  the  suspension  was  added.  The  replicate  tubes 

were  immediately  centrifuged  at  12,000  x  g  for  1  min.  The  upper 

24  + 

aqueous  layer  was  pipetted  into  another  tube,  and  Na 

activity  of  each  component  was  determined  on  the  gamma-counter. 

The  Na+  flux  rate  was  calculated  as  meq  Na+/litre  of  packed 

cells  per  h  (meq  Na"1"/,/ cells  *  h)  from  the  timed  changes  in  the 

2  4  + 

proportion  of  total  Na  in  the  extracellular  fluid  or 
dialysate.  Calculations  were  based  on  an  intracellular  Na+ 
concentration  of  20  meq  Na+/^f  cells. 

Two  sets  of  experiments  were  performed  with  the  isolated 
(non-dialysed)  erythrocyte  samples.  In  experiments  1  through  5  a 
different  temperature,  in  the  range  of  18  to  35  °C,  was  selected 
for  each  of  the  five  suspensions,  and  several  samples  of  each 
suspension  were  incubated  at  that  temperature.  In  experiments  6 
to  8,  samples  of  the  same  suspension  were  incubated  at  various 
temperatures.  In  all  experiments,  control  and  irradiated  samples 
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were  run  simultaneously. 

2-3  :  Na+  Efflux  -  Neutron  Activation  Analysis  for  Hg++ 

The  reversible  inactivation  of  the  (Na++K+ ) ATPase  and 
increased  Na+  permeability  of  the  erythrocyte  membrane  treated 
with  PCMBS  relies  on  the  binding  of  Hg++  to  protein  sulfhydryl 
groups  in  the  membrane.  Although  the  effects  of  PCMBS  on  these 
membrane  functions  have  been  found  to  be  completely  reversible 
(36,  104)  it  was  deemed  necessary  to  establish,  experimentally, 
the  absence  of  Hg++  after  washing  with  cysteine.  Any  remaining 
Hg++  could  have  complicated  the  accurate  assessment  of 
microwave  bioeffects  on  Na+  and  K+  transport. 

Cells  treated  with  0.1  mM  PCMBS,  then  washed  with  2  mM 
cysteine,  were  assayed  for  Hg++.  'White'  erythrocyte  ghosts 
were  prepared  (22,  24)  and  concentrated  by  centrifugation  (15  min 
at  75,000  x  g) .  Any  remaining  Hg++  was  likewise  concentrated, 
enhancing  the  sensitivity  of  the  determination.  This  procedure 
also  minimized  the  water  content  of  samples  to  be  exposed  to  high 
neutron  fluxes,  reducing  the  degree  of  radiolysis  and  hence  the 
risk  of  high  temperatures  and  pressures  in  the  sample  container 
during  neutron  activation. 

The  ghosts  were  activated  in  200yu/  aliquots  at  the 

University  of  Alberta  Slowpoke  Facility  by  exposing  them  for  2  h 

12  2 

to  a  neutron  flux  of  10  /cm  *s.  After  cooling  for  2  days, 
each  of  the  ghost  samples  and  simultaneously  activated  standards 
was  analysed  for  30  min  on  a  Nuclear  Data  ND  660  multichannel 
analyser  with  an  ORTEC  WIN  15  coaxial  Ge(Li)  detector.  The 
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amount  of  Hg++  was  calculated  from  the  78  KeV  gamma-decay  peak 

.  19  7U 
of  Hg . 

2  -  4 :  K*  Influx  -  Experimental  Procedure 

The  procedure  used  to  study  the  influence  of  microwaves  on 
influx  is  much  simpler  than  that  used  to  study  ^Na+ 
efflux.  Influx  measurement  precludes  complicated  loading 
techniques. 

Venous  blood  (~30  ml)  was  drawn  from  an  apparently  healthy 
human  volunteer  immediately  before  the  start  of  the  experiment  and 
was  centrifuged  at  2500  x  g  for  5  min.  The  erythrocytes  were 
resuspended  in  3  vol  of  chilled  buffer  containing  2.5  mM 
Na2HP04,  145  mM  NaCl,  4  mM  KC1,  1  mM  MgCl2  and  11  mM 
dextrose  at  pH  =  7.4  and  centrifuged  at  2500  x  g  for  5  min.  This 
washing  procedure  was  repeated  twice.  The  cells  were  resuspended 
to  a  hematocrit  of  23%  in  the  same  buffer  (pH  adjusted  to  7.4 
with  HC1)  but  in  which  the  K+  was  as  ^K+  (  3.2yKCi/mg 

A  O 

kOH  ,  supplied  by  the  University  of  Alberta  Slowpoke 

-  4 

Facility).  Ouabain  was  added  at  10  M  to  one  half  of  this 
suspension.  Both  suspensions  were  divided  into  1-ml  aliquots  in 
1.5  ml  Eppendorf  centrifuge  tubes  and  stored  at  4  °C  until 
required. 

Samples  were  irradiated  in  pairs,  one  with  and  the  other 
without  ouabain,  for  2  hr  at  the  prescribed  waterbath 
temperature.  An  equilibration  period  was  not  found  necessary  in 
these  experiments.  The  samples  were  pre-warmed  to  the  desired 
temperature  by  submerging  the  tubes  in  the  waterbath  before  being 
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placed  into  the  sample  holder.  This  was  one  of  the  reasons  for 

developing  and  using  sample  chamber  #4  (Figure  VII)  for  the  K+ 

influx  experiments.  Prewarming  the  samples  used  for  Na+  efflux 

experiments  was  never  as  effective  since  the  sample  chamber  (#3, 

Figure  VI)  was  fixed  to  the  waveguide  wall.  Prewarmed  samples 

always  cooled  in  the  access  tubes  leading  to  the  chamber. 

After  the  2  h  incubation  period  each  of  the  irradiated  and 

control  samples  was  divided  into  3  x  0.3-ml  replicate  samples  for 
.  4  2  + 

intra-  and  extracellular  K  determination.  The  cells  and 

4  2  + 

buffer  were  separated  and  analysed  for  K  by  the  same 

procedure  described  previously  for  Na+.  Potassium  influx  rates 

42  + 

were  calculated  from  the  proportion  of  K  inside  the  cells 
after  2  h  incubation  and  were  based  on  an  extracellular  K+ 
concentration  of  4  mM. 

3  :  RESULTS  AND  DISCUSSION 

24  + 

Direct  determination  of  cellular  and  extracellular  Na 

4  2+  . 

and  K  was  more  effective  than  flow  dialysis  m  accurately 

determining  the  effect  of  microwaves  on  Na+  and  K+  fluxes  in 

human  erythrocytes.  No  significant  effect  of  microwave  exposure 

on  Na+  efflux  from  human  erythrocytes  was  resolved  by  flow 

dialysis  by  the  method  and  system  described  above  (Figure 

XIII).  At  the  hematocrits,  temperatures  and  sample  volumes  used, 

the  absolute  Na+  efflux  rates — typically  1.2  x  10  ^  meq 

Na+/h  at  23  °C — were  such  that  a  slow  dialysate  flow  rate  was 

required  to  accumulate  a  moderately  reproducible  number  of  counts 

per  aliquot  (at  2  x  background  activity  the  standard  deviation  is 


. 


35°  r 


68 


erythrocytes  as  revealed  by  flow  dialysis  of  an  exposed 
suspension  of  cells  (hct  =36% ,  37500  cpm/sample)  .  The  onset  (on) 
and  termination  (off)  of  irradiation  are  indicated. 
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24  + 

~  1 5 % )  .  The  low  Na  activities  of  each  aliquote  collected 
were  further  complicated  by  errors  introduced  due  to  the  pulsing 
behavior  of  the  low-speed  peristaltic  pump  driving  the  dialysate. 

Within  the  constraints  of  these  errors,  however,  the  rate  of 
Na+  efflux  was  shown  to  be  relatively  constant  (2.45  +  0.28 
meq  Na+/^cells  *  h  at  23  °C )  at  5  min  intervals  over  the  2-h 

of  incubation.  Direct  measurement  of  cellular  ZK  revealed  a 

•  4  2  + 

linear  rate  of  accumulation  and  thus  a  constant  rate  of  K 

influx  to  erythrocytes  over  3  h  (Figure  XIV).  Thus,  the 

magnitude  and  kinetics  of  Na+  and  K+  transport  in  human 

erythrocyte  suspensions  are  such  that  their  flux  rates  may  be 

accurately  estimated  by  measuring  isotope  concentration 

differences  in  1  to  2  h  increments.  Faster  kinetics  or  higher 

enzyme  concentrations  would  have  precluded  use  of  this  technique 

since  the  accumulation  of  ^K+  and  reduction  of  ^Na+ 

would  have  affected  the  apparent  flux  rates  within  the  incubation 

period . 

Albeit  insignificant,  the  flow  dialysis  data  show  a  trend 
thatindicates  increased  Na+  efflux  from  cells  exposed  to 
low-level  2450  MHz  microwaves  (Figure  XIII).  To  confirm  this  trend 
the  next  five  experiments  (1-5,  Table  10)  were  not  based  on  flow 
dialysis;  ^Na+  leakage  was  determined  by  the  direct  method 
described  above.  In  experiments  1  through  5  each  blood  sample 
was  from  a  different  donor  and  each  sample  was  incubated  at  a 
different  temperature.  Microwaves  influenced  total  Na+  efflux 
from  cells  incubated  at  20.1,  23.0  and  24.0  °C  but  not  from 

those  incubated  at  18.6  or  34.7  °C  (Table  10).  The  increase  in 
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Figure  XIV 

2  4  + 

Time  course  of  the  accumulation  of  K  by  human 

O  •  ^ 

erythrocytes  incubated  at  25  C  with  and  without  0.1  mM  ouabain. 
Accumulation  by  ouabain  sensitive  processes  derived  by 
subtraction  of  that  accumulated  in  the  presence  of  ouabain  from 
that  in  th^e  absence  of  ouabain.  The  slopes  of  these  lines 
indicate  K  influx  rates  of:  1.25  meq/  cells’h  total,  0.22 
meq/  cells’h  oua ba i n- i nsen s i t i ve  and  1.03  meq/  cells’h 
ouabain- sensitive . 


The  effects  of  low-level  2450-MHz  microwaves  on  total,  ouabain— insensi tive  and  ouabain-sensitive  Na  efflux 
from  human  erythrocytes. A:  results  of  the  first  set  of  experiments  done  on  blood  samples  from  different  donors 
each  done  at  different  single  temperatures.  B:  results  of  the  second  set  of  experiments  done  on  blood  samples 
from  different  donors,  each  done  at  a  number  of  temperatures. 
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the  total  Na+  efflux  from  irradiated  cells  compared  with 
controls  within  the  effective  temperature  range  appeared  to  be 
the  result  of  an  increase  in  the  ouabain-insensitive  Na+  and 
decrease  in  the  ouabain-sensitive  Na+  efflux  (Figure  XV).  The 
maximal  change  observed  in  this  set  of  experiments  was  at  23  °C. 
The  o u a b a i n - i n s e n s i t i v e  flux  increased  “50%  and  the 
ouabain-sensitive  flux  decreased  “40%  resulting  in  a  25%  increase 
in  the  total  Na+  efflux  (Figure  XV)  . 

Cell  suspensions  incubated  at  23.0  °C  and  24.0  °C  within 
the  waveguide  system  but  not  irradiated,  showed  total  Na+ 
efflux  rates  of  2.275  +  0.024  and  2.614  +  0.025  meq//cell*h 
respectively  (Table  10).  These  values  were  not  significantly 
different  from  the  total  Na+  efflux  rates  of  cells  incubated  at 
23.0  °C  and  24.0  °C  in  the  con t r ol- sample  chambers:  2.290  + 
0.021  and  2.503  +  0.040  meq/  /  cell *h,  respectively.  The 
observed  differences  in  Na+  efflux  are  therefore  a  result  of 
microwave  irradiation  and  not  other  differences  in  the  incubating 
environment. 

The  differences  in  magnitude  and  direction  of  the  microwave 
effects  on  ouabain-sensitive  and  -insensitive  Na+  fluxes  from 
erythrocytes  suggest  interactions  of  the  microwaves  with  more  than 
one  of  the  Na+  flux  pathways.  Applying  a  2-way  analysis  of 
variance  (ANOVA)  (105)  to  the  Na+  efflux  data  from  cells 
incubated  in  the  effective  temperature  range  reveal  this 
difference  as  shown  in  Table  11.  Statistical  analysis  showed  the 
significant  and  well  documented  effects  of  ouabain  (25,  38,  59, 
74)  and  also  showed  the  effects  of  microwaves  on  Na+  efflux 


e*pt-  & 


/  £  J  f  5 


Figure  XV 

The  influence  of  microwaves  on  Na+  efflux  from  human 
erythrocytes.  For  each  of  these  experiments  cells  from  different 
donors  were  used  and  were  incubated  at  single,  discreet 
temperatures . 
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with  and  without  ouabain  (Figure  XV)  .  The  significant  degree  of 
interaction  (.001  <  P  <  .01)  between  the  ouabain  and  microwave 
effects  on  Na+  efflux  preclude  simple  additivity  as  the  cause 
of  the  difference  in  the  microwave  effect  in  the  presence  and 
absence  of  ouabain. 


Table  11 


Statistical  analysis  of+the  influence  of  microwaves  of 
ouabain,  and  of  both  on  the  Na  efflux  from  human  erythrocytes. 


Temp.  Na  efflux  meq/^  cells. h  2x2  ANOVA 

C  ouabain  -  - 


control+SE (n) 

i r r ad . +SE (n) 

subg  roup 

P< 

absent 

2.144+0.015(16) 

2.349+0.016  (4) 

A 

.001 

20 

B 

.001 

0.1  mM 

1.415+0 . 043  (12  ) 

1.773+0.032  (4  ) 

AxB 

.  001 

absent 

2.235+0.023  (4  ) 

2.782+0 . 022  (4  ) 

A 

.  001 

23 

B 

.001 

0 . 1  mM 

1.535+0.022  (4  ) 

2.379+0.052  (4) 

AxB 

.  001 

absent 

2.536+0.049  (4  ) 

2.885+0.061  (4) 

A 

.  001 

24 

B 

.001 

0.1  mM 

1.700+0 .046  (4  ) 

2.366+0.023  (4) 

AxB 

.  01 

A  -  significance  of  interaction  of  microwaves  with  efflux 
B  -  significance  of  interaction  of  ouabain  with  efflux 
AxB  -  significance  of  interaction  of  the  effects  of  microwaves 
and  ouabain  combined. The  null  hypothesis  being  that  the 
effects  are  additive. 


Three  more  experiments  were  designed  to  more  accurately 
resolve  the  temperature  specificity  and  magnitude  of  the 


microwave  effect  on  Na+  efflux.  In  each  of  this  second  set  of 
experiments,  samples  of  the  same  cell  suspension  were  incubated 
at  different  temperatures.  This  approach  eliminated  individual 
differences  between  samples  and  allowed  a  more  accurate 
delineation  of  the  effective  temperature  range.  These 
experiments,  typified  by  the  results  presented  in  Figure  XVI, 
confirm  observations  made  in  the  first  set  of  experiments  (Table 
10)  . 

Analysis  of  the  combined  results  of  all  Na+  efflux 
experiments,  divided  into  three  temperatures  ranges,  10  to  19.9 
°C ,  20  to  24.9  °  and  25  to  40  °C  (Figure  XVII)  revealed 
significant  microwave  effects  only  in  the  20  to  24.9  °C  range. 
Microwaves  were  associated  with  a  mean  increase  of  23.1  (+ 
5.8)%  in  total,  a  mean  increase  of  33.2  (+  7.6)%  in 
ouabain- insensi tive  and  a  mean  decrease  of  18.2  (+  10.0)%  in 
ouabain-sensitive,  Na+  efflux  from  all  the  human  erythrocyte 
suspensions  studied. 

The  influence  of  microwaves  on  total  K+  influx  (Table  12) 
was  not  consistent  with  the  microwave  effects  on  Na+  efflux 
(Table  10) .  Although  the  temperature  specificity  of  the  microwave 
effect  on  K+  influx  (Figure  XVIII)  was  the  same  as  that  for  the 
effect  on  Na+  efflux  (Figure  XVII),  microwaves  caused  a 

4- 

decrease  in  the  total  K  influx  in  the  effective  temperature 
range.  The  microwave- induced  decrease  in  ouabain-sensitive  K+ 
influx  (-0.074  +  0.027  meq/^cell*h)  exceeds  the  observed 
increase  in  ouaba i n- i nsens i t i ve  K+  influx  (+0.032  +  0.024 


meq/ ^  cell  * h)  (Figure  XIX)  and  consequently  accounts  for  the 
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Figure  XVI 

The  effect  of  microwaves  and  incubation  temperature  on  Na+ 
efflux  from  the  erythrocytes  of  a  single  donor. 
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Figure  XVII 

The  influence  of  microwaves  on  Na+  efflux  from  human 
erythrocy te_p  in  different  incubation  temperatures  ranges.  Data 
from  all  Na  experiments  were  pooled  for  this  comparison. 
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Figure  XVIII 

The  effect  of  microwaves  on  K+  influx  in  three  different 
incubation  temperature  ranges.  Ail  K  influx  data  were  pooled 
for  this  comparison. 
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The  effect  of  microwaves  and  incubation  temperature 
ouabain- sensitive  and -insensitive  K  influx  to 
erythrocytes . 
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net  decrease  in  total  K+  influx.  In  contrast  the  microwave 
induced  decrease  in  ouaba i n- sens i t i ve  Na+  efflux  (-0.181  + 
0  .  05  6  meq/  ^  cell  '  h)  was  less  than  the  increase  in 
ouabain-insensitive  Na+  efflux  (+0.448  +  0.114  meq/^cell'h) 

As  with  the  Na+  efflux  data,  the  K+  influx  data  was 
grouped  according  to  incubation  temperature  into  three  ranges,  10 
to  20  °C ,  20  to  25  °C  and  25  to  40  °C  for  statistical 
comparison  (Figure  XVIII).  Within  the  effective  temperature  range 
(20  to  25  °C)  there  were  significant  decreases  in  the  total 
[6.3  (+  2.4)%]  as  well  as  the  ouaba i n- sens i t ive  [10.6  (+ 
3.4)%]  K+  influxes  to  irradiated  cells.  Although  there  was 
apparently  a  20.5  +  14.4%  increase  in  ouabain-insensitive  K+ 
influx,  the  variability  in  the  measurements  was  exceptionally 
high  and  precluded  a  statistically  significant  change. 

The  microwave  effect  on  Na+  efflux  and  K+  influx  among 
temperature  ranges  was  compared.  The  increase  in  total  Na+ 
efflux  and  decrease  in  total  K+  influx  within  the  20  to  24.9 
°C  range  were  significantly  different  from  those  fluxes  in  the 
other  two  ranges,  considered  independently  or  in  combination 
(Table  13).  The  same  was  true  of  the  increased 
ouabain-insensitive  Na+  efflux  in  the  effective  temperature 
range  (Table  14).  There  was  no  significant  difference  in 
ouabain-insensitive  K+  influx  among  temperature  ranges,  although 
the  data  so  indicate  (Table  14).  Even  if  the  latter  had  been 
significant,  the  microwave  effect  would  have  been  considerably 
less  than  that  observed  on  the  ouabain- insensi t ive  Na+  efflux. 
This  finding  still  supports  the  possibility  that  the  difference 
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in  the  direction  of  the  microwave  effect  on  total  K+  influx  and 
Na+  efflux  is  primarily  due  to  a  difference  in  the  magnitude  of 
the  microwave  effect  on  the  ouabain-insensitive  Na+  and  K+ 
fluxes. 

The  influence  of  microwaves  on  ouabain-sensitive  Na+ 
efflux  and  K'1’  influx  within  the  effective  temperature  range  are 
complimentary  and  significant  when  compared  with  the  fluxes  in  the 
adjacent  temperature  ranges  (Table  15)  .  Ouabain-sensitive  Na+ 
efflux  and  K+  influx  were  depressed  by  18.2  (+  10.0)%  and 
10.6  (+  3.4)%  respectively,  in  the  range  of  20  to  24.9  °C . 
Fluxes  of  control  and  irradiated  samples  were  compared  within 
each  temperature  range  independent  of  those  fluxes  in  the  other 
two  temperature  ranges  (Table  16).  The  effects  of  microwaves , 
alluded  to  above,  were  shown  to  be  restricted  to  the  20  to  24.9 
°C  range  and  were  not  a  result  of  reversal  of  the  microwave 
effects  between  temperature  ranges. 

The  control  Na+  fluxes  from  cells  incubated  at  34.7  °C 
were  2.726  +  0.005  meq/^cells*h  ouabain-sensitive,  and  1.455 
+  0.055  meq//cell*h  oua  ba  i  n- i  n  sen  s  i  t  i  ve  (Table  10).  These 
values  are  comparable  to  3.32  and  1.54  meq  Na+/^cells * h , 
respectively,  reported  for  cells  previously  treated  with  PCMBS 
and  cysteine,  and  incubated  at  37  °C  (36).  Efflux  of  Na+  from 
these  cells  are  of  the  same  order  as  the  ouabain-sensitive  (2.52 
-  4.13  meq/  cell  s  *  h )  ,  ouabain- insensitive  (0.94  -  1.79  meq/^ 
cells'h)  and  total  (2.52  -  4.50  meq//cells * h)  Na+  effluxes 
from  untreated  erythrocytes  (24,  37,  50,  74,  106).  The  above 
comparison  establishes  that  the  decreased  Na+  efflux  from  0.1 
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Table  16 


The  effect  of  microwaves  on  Na+  and  K+  fluxes  across  the 
erythrocyte  membrane  at  different  incubation  temperatures. 
D  (meq/X  cell*  h)  =  irradiated  cell  flux  -  control  cell  flux 

Temp°C  D  +  SD(n)  t  P< 

TOTAL 


10-20 

+0.004+0.047  (4) 

0.085 

(ns) 

Na+  EFFLUX 

20-25 

+0.457+0.115(7) 

3.974 

.01 

25-40 

+0.114+0.064 (6) 

2.250 

(ns) 

10-20 

0.000+0.009  (6) 

0.000 

(ns) 

K+  INFLUX 

20-25 

-0.052+0.021 (6) 

2.515 

(ns) 

25-40 

+0.040+0.027 (6) 

1.503 

(ns) 

OUABAIN 

INSENSITIVE 

10-20 

+0.029+0.076 (2) 

0.382 

(ns) 

Na+  EFFLUX 

20-25 

+  0.448+0.114  (6) 

3.930 

.05 

25-40 

+0.014+0.059 (4) 

0.237 

(ns) 

10-20 

+0.006+0.006 (6) 

1.000 

(ns) 

K+  INFLUX 

20-25 

+0.032+0.024 (6) 

1.337 

(ns) 

25-40 

+0.019+0.025 (6) 

0.757 

(ns) 

OUABAIN 

SENSITIVE 

10-20 

+0.002+0.024 (2) 

0.083 

(ns) 

Na+  EFFLUX 

20-24 

-0.181+0.056 (5) 

3.236 

.01 

24-40 

+0.161+0.058 (4) 

2.767 

(ns) 

10-20 

+0.010+0.007 (6) 

1.490 

(ns) 

K+  INFLUX 

20-24 

-0.074+0.027 (6) 

2.763 

.01 

24-40 

+0.044+0.043 (6) 

1.023 

(ns) 

(ns)  - 

not  significant 

■ 
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mM  PCMBS  treated  cells  was  completely  restored  by  incubation  with 

2  mM  cysteine.  This  agrees  with  the  report  that  inhibition  of 

(Na++K+ ) ATPase  activity  in  PCMBS  treated  erythrocytes  is 

completely  reversed  by  cysteine  (104)  .  Furthermore,  the  level  of 

bound  Hg++,  determined  by  neutron  activation  analysis  (NAA) , 

was  reduced  from  4.5  x  10  mole/cell  during  wa  loading 

-  70 

(116)  to  3.73  x  10  mole/cell  [0.0016%  of  PCMBS  titratable 
-SH  groups  (36)]  after  cysteine  washing.  Osmotic  fragility,  a 
sensitive  indicator  of  Hg  +  +  bound  to  erythrocytes,  is 

—  1  R  +4- 

unaffected  at  levels  lower  than  10  mole  Hg  /cell  (116) . 

The  total  K+  influx  for  control  cell  suspensions  incubated 
at  34.1  °C  was  2.304  +  0.019  meq / Ji  cells’h  (Table  12).  This 
value  is  comparable  to  the  total  K+  influx  to  cells  incubated  at 
29  °C :  1  .  50  +  0.04  meq /l  cells'h  (37),  and  at  37.7  °C : 

3.40  +  0.66  meq/Xcells*h  (74).  At  34.1  °,  73%  of  the  total 
K+  influx  to  control  cells  was  ouabain  sensitive,  consistent 
with  the  60  to  70%  reported  by  others  for  cells  incubated  at  37 
°C  (74). 

S toicheometry  of  2-3Na+  :  2K+  transported  per  cycle  of 

the  (Na++K+ ) ATPase  is  now  generally  accepted  (89,  92).  This 
value  is  based  on  experimentally  derived  ratios  of  2.27  -  2.82 
Na+  :  2  K+  (34,  74,  106)  and  agrees  with  2.15  (+  0.63)  Na+ 

:  2K+  derived  from  the  data  reported  here.  Some  flexibility  in 
the  Na+  :  K+  transport  stoicheometr y  has  been  acknowledged 
(89)  . 

Ouabain-sensitive  Na+  and  K+  fluxes  in  human  (106)  and 
canine  (26)  erythrocytes  are  temperature-sensitive.  However, 
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different  proportions  of  ouabain-sensitive  and  -insensitive  Na+ 
and  K+  fluxes  were  observed  at  different  temperatures  (Table 
10,  Table  12).  There  is  some  support  for  this  observation;  Joyce 
and  Weatherall  (59)  reported  that  88%  of  total  K+  influx  is 
inhibited  by  digoxin  at  37  °C  but  only  55%  at  7  °C ,  and  Glynn 
(37)  derived  different  Q  ^  values  for  external  K+-dependent 
Na+  efflux.  The  differences  observed  in  the  temperature 
dependence  of  the  ouabain-sensitive  and  -insenstive  Na+  and 
K+  fluxes  concur  with  these  reports  by  virtue  of  their 
dependence  on  external  K+  concentration  (117)  . 

The  synergism  indicated  in  the  ANOVA  (Table  11)  supports  the 
suggestion  that  microwaves  influence  Na+  efflux  in  at  least  two 
ways : 

1)  by  affecting  the  ouabain-sensitive,  (Na++K+ ) ATPase 
Na  efflux  vector,  and, 

2)  by  affecting  some  part  of  the  ouabain-insensitive  Na+ 
efflux. 

Very  little  is  known  about  the  ouabain- insensitive  Na+  and 
K+  transport  pathways  in  human  erythrocytes  except  that  at 
least  a  portion  of  each  is  by  diffusion  directly  across  the 
lipid  bilayer.  The  microwave-induced  increase  in 
ouabain-insensitive  Na+  efflux  is,  consequently,  cause  only  for 
speculation.  Microwaves  may  influence  simple  Na+  diffusion 
across  the  bilayer  but  since  microwaves  do  not  affect  Na+ 
leakage  from  purely  lipid  vesicles  this  would  have  to  be 
associated  with  the  protein  component  of  the  membrane. 
Alternately  microwaves  may  increase  the  rate  of 


*- 


. 
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ouabain-insensitive  exchange  diffusion  (8,  50,  74,  117)  or  the 
rate  of  the  hypothetical,  ouabain- insensi tive  Na+  pump  (50). 

These  observations  agree  with  those  of  Ismailov  (53,  54)  who 
reported  different  microwave  effects  on  Na+  efflux  from 
erythrocytes  incubated  with  and  without  mono-iodoace tate ,  an 
inhibitor  of  (Na++K+ ) ATPase  (51).  The  differences  revealed 
inhibition  of  i  odo  ac  e  t  a  t  e  -  s  e  n  s  i  t  i  v  e  and  stimulation  of 
iodoacetate- insens i tive  Na+  efflux  from  human  erythrocytes 
incubated  at  37  °C  and  exposed  to  1009-MHz  waves.  Although  no 
temperature  specificity  for  these  effects  was  reported,  the 
frequency  difference  may  account  for  the  absence  of  this  effect  at 
physiological  temperatures  in  our  experiments  (Table  10,  Figure 
XVII)  . 

Microwave  effects  on  Na+  efflux  occuring  only  at  specific 

temperatures  have  been  previously  reported.  Olcerst  et  al  (81) 

2  2  + 

observed  increased  Na  efflux  from  ouabain  treated  rabbit 
erythrocytes  exposed  to  2450-MHz  but  only  in  the  range  of  8  to 
13  °C  and  at  22.5  °C  and  38  °C .  The  effective  temperatures 
reported  by  Olcerst  et  al  were  clearly  correlated  with 
discontinuities  in  an  Arrhenius  plot  of  Na+  efflux  from 
ouabain- treated  rabbit  red  cells.  No  such  discontinuity  was 
observed  in  the  Arrhenius  plot  of  Na+  efflux  from  human 
erythrocytes  within  the  20  to  25  °C  range  (Figure  XX). 
Discounting  species  differences,  the  possibility  remains  that  some 
event  may  occur  at  a  specific  temperature  within  human 
erythrocyte  membranes  making  them  sensitive  to  microwaves.  This 
event  may  not  be  manifested  as  a  discontinuity  in  the  Arrhenius 
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Figure  XX 


+  The  effect  of  microwaves  and  incubation  temperature  on  total 
Na  efflux  from  the  human  erythrocytes  of  a  single  donor. 
Results+are  shown  as  an  Arrhenius  plot.  The  activation  energy  of 
the  Na  efflux  is  17099  +  7181  cal/mole  as  derived  from 

regression  analysis  of  the  control  data. 
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plot. 


The  data  presented  so  far  indicates  that: 

1)  The  effect  of  microwaves  on  Na+  and  K+  fluxes  is 
temperature  sensitive:  restricted  to  the  20  to  24.9  °C  range. 

2)  The  ouabain  sensitive  Na+  efflux  and  K+  influx  found 
to  be  affected  by  mi^ro^aves  in  the  same  direction  and  magnitude 
indicates  that  (Na  +K  ) ATPase  function  is  somehow  depressed 
by  microwaves. 

+  3)  Tjie  microwave  effect  on  ouabain-insensitive  fluxes  of 
Na  and  K  differ  in  magnitude  but  must  both  be  mediated  by 
microwaves  interacting  with  protean  or  lipid-protein  complexes 
since  microwaves  did  not  affect  Na  self-diffusion  across  lipid 
bilayers. 


The  effect  of  microwaves  on  ouabain-insensitive  Na+  and 
K+  fluxes  is  extremely  difficult  to  interpret.  Analysis  of  the 
linear  components  of  Na+  efflux  and  K+  influx  have  been 
reported  to  correspond  to  permeabilities  of  10  ^  cm/s  and 
1.1  to  2.4  x  10  ^  cm/s  respectively  (8,  57),  values  that  are 
comparable  to  those  reported  for  lipid  bilayers  (65).  Based  on 
ouabain-insensitive  cation  fluxes  from  control  cells  (Table  10, 
Table  12),  PNa+  of  the  erythrocyte  membrane  was  calculated  to  be 
18.9  x  10  ^  cm/s  and  PK+  as  7.09  x  10  cm/s  at  24  °C . 
The  inflated  permeabilities  may  result  from  Na+/Na+  and 
K+/K+  exchange  in  the  ouabain-poisoned  cells  (8) .  The  higher 
level  of  Na+  permeation  compared  with  that  of  K+ ,  may  account 
for  the  more  pronounced  influence  of  microwaves  on  Na+  efflux 
in  the  presence  of  ouabain.  Dunn  (25)  and  others  (50,74)  have 
provided  evidence  for  Na+  exchange-diffusion  not  inhibited  by 


ouabain.  In  the  presence  of  ethacrynic  acid,  a  purported 
inhibitor  of  the  ouaba  i  n- i  n  sens  i  t  i  ve  Na+  exchange  diffusion 
(50  ,  74)  ,  the  level  of  Na+  efflux  falls  to  about  0.5  meq/X 
cells'h  (25).  This  value  of  Na+  efflux  compared  with  the 
level  of  ouabain- insensi  tive  K+  influx  is  more  a  realistic 

reflection  of  P^a+  compared  to  PK+.  The  ouabain-insensitive 

+  + 
Na  exchange  diffusion  has  been  attributed  to  another  Na 

pump  in  the  red-cell  membrane  (50).  It  has  been  speculated  that 

ouabain-insensitive  Na+  efflux  may  be  another  transport  mode  of 

the  (Na  +  +  K+) ATPase  (25,  117)  .  The  interaction  of  the 

(Na++K+) ATPase  that  results  in  the  inhibition  of 

o u a ba i n- s en s i t i v e  Na+  and  K+  transport  may  also  be 

responsible  for  the  increased  ouabain  insensitive  Na+  efflux. 


V  -  NET  FLUX  EXPERIMENTS 


1  :  INTRODUCTION 

The  experiments  discussed  so  far  deal  only  with 

unidirectional  fluxes  of  Na+  and  K+ .  These  cations  move  in 

both  directions  across  the  membrane,  however,  and  it  is  the  net 
+  + 

fluxes  of  Na  and  K  that  are  of  consequence  to  the  function 
of  the  erythrocyte.  Under  normal  physiological  conditions  the 
net  flux  of  both  cations  is  zero.  The  active  efflux  of  Na+  and 
influx  of  K+  is  balanced  by  leakage  of  the  ions  down  their 
respective  concentration  gradients  and  by  co-transport  processes 
with  other  substrates  (97,  119).  Thus,  concentrations  of  Na+ 
and  K+  on  either  side  of  the  membrane  remain  constant.  To 
assess  the  effect  of  low-level  microwave  radiation  on  net  cation 
flux,  the  intra-  and  extracellular  concentrations  of  Na+  and 
K+  were  measured  in  suspensions  of  intact  erythrocytes  before 
and  after  irradiation. 

2  :  MATERIALS  AND  METHODS 

Venous  blood  from  a  human  volunteer  was  drawn  prior  to  the 
experiment.  The  blood  was  centrifuged  at  2300  x  g  for  5  min,  and 
the  cell  pellet  was  resuspended  in  20  vol  buffer  containing  2.5  mM 
Na2HP04 ,  145  mM  NaCl,  4  mM  KC1,  1  mM  MgCl2  and  11  mM 

Dextrose  at  pH  =  7.4,  and  recentrifuged.  The  cells  were  washed  in 
this  way  three  times  and  finally  was  resuspended  to  a  hematocrit 
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of  10%.  Aliquots  (1.5  ml)  of  this  suspension  were  incubated  with 
and  without  10  ^  M  ouabain  at  predetermined  temperatures  under 
control  and  irradiation  conditions  in  exposure  chamber  #4. 

After  incubation  each  aliquot  was  divided  into  3  replicate 
samples  layered  on  top  of  0.2  ml  of  dibutyl  phthalate  in  1.5-ml 
Eppendorf  centrifuge  tubes.  The  replicates  were  centrifuged  at 
2500  x  g  for  1  min  and  the  supernatant  removed  for  extracellular 
Na+  and  K+  determination.  The  dibutyl  phthalate  layer  was 
removed,  and  the  cells  were  lysed  in  an  equal  volume  of  distilled 
water  before  determination  of  cellular  Na+  and  K+  by  flame 
photometry  (Corning,  Model  430). 

3  :  RESULTS  AND  DISCUSSION 

Erythrocytes  exposed  to  low  level  microwaves  exhibit 
enhanced  Na+  efflux  both  in  the  absence  (  +  0.457  meq/i!  cell'h) 
and  presence  (+0.448+0.114  meq/i  cell'h)  of  ouabain  (Table 
16),  Meanwhile,  K+  influx  decreases  nominally  (-0.052  meq/i 
cell'h)  in  the  absence  of  ouabain  (Table  16).  Discounting  any 
backflux  of  either  cation,  it  may  be  anticipated  that  during  2-h 
periods  of  irradiation  these  effects  would  result  in  significant 
decreases  in  cell  Na+  (1  to  2  meq/icells)  with  and  without 
ouabain.  However,  exposure  to  low-level  2450-MHz  microwaves  did 
not  significantly  affect  the  distribution  of  Na+  (Table  17)  or 
K  (Table  18)  across  the  erythrocyte  membrane  but  the  results 
indicate  that  in  the  absence  of  ouabain  there  is  an  accumulation 
of  Na+  by  exposed  erythrocytes  incubated  in  the  20  to  25  °C 


range . 


Tabl e  17 


The  effect  of  low-level  microwave  radiation,  for  £  h,  on 
the  intra-  and  extracellular  concentrations  of  Na  in  a 
suspp^is ion  of  intact  erythrocytes  (hct  =  10%)  incubated  with 
(10  M)  and  without  ouabain. 


[Na]  (meq/1) 

Ouabain 

Time 

h 

gemp 

IRRADIATED 

IRRADIATED 

Cell 

Buffer 

Cell 

Buffer 

- 

0 

1  2+ ]_ .  5 

148  +  0 . 8 

12  +  1  .  5 

148+0.8 

— 

2 

37 

15+1.8 

148  +  0 . 8 

15  +  1 . 8 

148+0.8 

- 

2 

30 

14+1 . 7 

148  +  0  .  8 

18+2 . 2 

148+0.8 

- 

2 

25 

14+1 . 7 

148  +  0 . 8 

20  +  2  .  5 

148+0.8 

— 

2 

22 

15+1.8 

148  +  0 . 8 

20  +  2  .  5 

148+0 . 8 

— 

2 

21 

15+1.8 

147  +  0 . 8 

18+2.2 

148+0.8 

- 

2 

20 

15  +  1 . 8 

149  +  0 . 8 

15  +  1 . 8 

148+0 . 8 

- 

2 

17 

15+1 . 8 

148  +  0 . 8 

15+1 . 8 

148+0.8 

— 

2 

10 

15  +  1 . 8 

148  +  0 . 8 

15+1 . 8 

148  +  0 . 8 

+ 

0 

12  +  1  .  5 

149  +  0  .  8 

12+1 . 5 

149+0.8 

+ 

2 

37 

18+2  .  2 

149  +  0 . 8 

14  +  1 . 7 

148+0 . 8 

+ 

2 

30 

15+1 . 8 

148  +  0 . 8 

13  +  1  .  6 

148  +  0 . 8 

+ 

2 

25 

15+1 . 8 

148+0.8 

15  +  1 . 8 

148+0.8 

+ 

2 

22 

15+1 . 8 

148  +  0  .  8 

15  +  1 . 8 

148+0.8 

+ 

2 

21 

18+2 . 2 

147  +  0 . 8 

18+2.2 

148+0.8 

+ 

2 

20 

15+1 . 8 

147  +  0 . 8 

15  +  1 . 8 

146+0.8 

+ 

2 

17 

15+1.8 

148  +  0 . 8 

15+1.8 

148+0.8 

+ 

2 

10 

15+1 . 8 

147  +  0 . 8 

15+1.8 

148+0.8 

96 


Table  18 


The  effect  of  low-level  microwave  irradiation,  for  2  hr,  on 
the  intra-  and  extracellular  concentrations  of  K+in  a 
susp^ps ion  of  intact  erythrocytes  (hct  =  10%)  incubated  with 
(10  M)  and  without  ouabain. 


[K+]  (meq/1 ) 


IRRAD 


IRRAD 


Ouabain  Time  Temp 


h 

uc 

cell 

buffer 

cell 

buffer 

— 

0 

23 

96  +  4 

4 . 5  +  0 . 1 

96  +  4 

4 . 5+0.1 

— 

2 

23 

95  +  2 

4 . 3+0 . 1 

97  +  2 

4 . 3+0 .1 

- 

4  .  5 

23 

88  +  2 

4  .  7  +  0 . 1 

88  +  2 

4 . 7+0.1 

— 

20 

4 

79  +  2 

5 . 1  +  0 . 1 

+ 

0 

23 

96  +  4 

4  .  5+0 . 1 

96  +  4 

4 . 6+0.1 

+ 

2 

23 

96  +  2 

4  .  4  +  0 . 1 

89  +  2 

4 . 4+0 . 1 

+ 

4  .  5 

23 

91+2 

4  .  9  +  0 . 1 

91+2 

4 . 9+0.1 

+ 

20 

4 

80  +  2 

5 . 1  +  0 . 1 

The  changes  in  K+  influx  which  occured  during  irradiation 
of  the  cells,  although  significant,  are  small  [-0.074  to  +0.032 
meq/lcell’h  (Table  16)]  and  within  the  error  limits  reported  in 
Table  18  (0.1  to  4.0  meq/i)  for  intra  and  extracellular  K+ 
concentrations.  It  is  not  surprising  that  these  differences  in 
flux  rate  were  not  manifested  as  K+  concentration  changes  across 
the  cell  membrane.  The  larger  changes  reported  in  total  Na+ 
efflux  within  the  effective  temperature  range  could  have  caused  a 
noticable  decrease  in  cellular  Na+.  However,  the  results 
suggest  a  net  accumulation  of  Na+  by  irradiated  cells  (Table 
17).  Observations  by  Ismailov  (53)  support  the  trends  reported 
here.  He  observed  that  the  rate  of  accumulation  of  Na+  by 
intact  but  irradiated  cells  was  more  than  twice  the  rate  of  loss 


of  K  by  the  same  cells.  Considering  only  the  microwave  induced 
decrease  in  ouabain-sensitive  Na+  efflux,  this  result  would  have 
been  expected.  The  rate  of  backflux  into  the  cell  would  have 
exceeded  the  depressed  active  efflux  of  Na+.  One  possible 
explanation  is  that  transmembrane  diffusion  of  Na+  is  increased 
in  both  directions  by  microwaves,  as  suggested  by  the  increased 
ouabain  insensitive  Na+  efflux.  Therefore,  of  the  reported 
microwave  effects  on  Na+  efflux  only  the  decrease  in  ouabain 
sensitive  Na+  efflux  would  affect  cellular  Na+  concentration. 
The  observation  that  there  was  no  apparent  net  accumulation  of 
Na+  by  microwave  exposed  cells  incubated  with  ouabain  supports 
this  conclusion. 

Like  all  transport  functions  the  levels  of  both  passive  and 

active  Na+  and  K+  fluxes  depend  on  the  concentrations  of 

these  cations  across  the  membrane  (37,  106).  Flame  photometry  is 

not  as  sensitive  a  technique  as  the  radiotracer  techniques  used 

to  follow  cation  movements  in  the  erythrocyte.  However,  any 

changes  in  cell  Na+  or  K+  sufficient  to  cause  the  magnitude 

of  observed  effects  on  the  fluxes  of  these  cations  would  surely 

have  been  detected.  The  demonstrated  stability  of  cellular  and 

+  + 

extracellular  Na  and  K  concentrations  indicates  that  the 
changes  in  the  ouabain-sensitive  and  -insensitive  Na+  and  K+ 
fluxes  are  due  to  some  direct  influence  of  microwaves  on  Na+ 
and  K+  transport  mechanisms  and  are  not  secondary  to  some 
previously  undetected  change  in  the  Na+  K+  gradient  across 
the  erythrocyte  membrane. 


. 


VI  -  ATPase  EXPERIMENTS 


1  :  INTRODUCTION 

The  (Na++K+ ) ATPase  is  the  membrane  protein  responsible 
for  the  active  translocation  of  Na+  and  K+  in  a  number  of 
membrane  types  (24,  92  ,  9  8  ,  103  ,  117  ).  However,  the  exact 

mechanism  whereby  the  splitting  of  the  ATP  results  in  cation 
translocation  remains  unclear  (68,  89,  92,  98).  Considering  the 
observed  effects  of  microwaves  on  the  ouabain-sensitive  fluxes  of 
Na+  and  K+ ,  the  following  experiments  were  designed  to  probe 
the  influence  of  microwaves  on  the  ATPase  activity  in  erythroctes 
specifically  that  of  the  (Na++K+ ) ATPase . 

Since  the  active  site  of  the  ATPase  is  at  the  inner  surface 

of  the  membrane,  the  ATPase  activity  of  microwave-exposed 

fragmented  erythrocyte  ghosts,  rather  than  that  of  intact 

erythrocytes,  was  tested.  The  ATPase  thus  had  access  to  ATP  in 

.  +  + 

solution  and,  even  in  the  absence  of  Na  and  K  gradients, 
erythrocyte  ghosts  have  been  shown  to  be  a  reliable  test  system 
(24,  100). 

The  level  of  (Na++K+) ATPase  activity  in  human 
erythrocytes  is  relatively  low  (~0.03/<mol  Pi/mg  protein'h) 
compared  with  other  tissues  (98)  ;  it  can  still  be  accurately 
resolved  beyond  the  background  (Mg+) ATPase  ("l^mol  Pi/mg 
protein'h)  by  omitting  Na+  or  K+ ,  the  coactivators  of  the 
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(Na++K+) ATPase ,  from  control  solutions  (100).  The 
(Na++K+ ) ATPase  activity  of  erythrocyte  ghosts  exposed  to 
low-level  microwaves,  at  several  discrete  incubation  temperatures 
over  the  10  to  40  °C  range,  was  observed.  Within  the  20  to  25 
°C  range  (Na++K+) ATPase  activity  was  depressed  by 
microwaves  at  a  magnitude  that  complimented  the  observed  effects 
of  microwaves  on  ouabain-sensitive  Na+  and  K+  fluxes. 

2  :  MATERIALS  AND  METHODS 

2-1  :  Preparation  of  Erythrocyte  Ghosts 

Packed  human  red-blood  cells,  never  more  than  one  month  old, 
were  provided  by  the  University  of  Alberta  Hospital  Blood  Bank. 
Erythrocyte  ghosts  were  prepared  by  the  method  of  Dodge  et  al 
(22) .  The  erythrocytes  were  suspended  in  3  vol  of  buffer 
containing  150i.M  NaCl  and  5mM  NaH^PO^  at  pH  =  8  and  separated 
by  centrifugation  at  2500  x  g.  This  procedure  was  repeated  twice. 
The  packed  cells  were  then  hemolysed  in  40  vol  of  5mM  NaH^PO^ 
at  pH=  8  and  allowed  to  stand  for  30  min.  The  fragmented  ghosts 
were  concentrated  by  centrifugation  at  22000  x  g  for  15  min.  The 
pellet  was  washed  and  recentrifuged,  as  many  times  as  needed,  to 
clear  the  supernatant  of  hemoglobin.  After  standing  overnight  in 
3  vol  of  lysing  buffer  at  4  °C ,  the  ghosts  were  washed  twice, 
clearing  the  ghosts  of  any  remaining  colour.  The  pellets  were 
then  frozen  and  thawed  to  break  any  ghosts  that  may  have  resealed 
(24)  .  The  ghosts  were  stored  frozen  (-20  °C)  until  needed.  No 
loss  of  ATPase  activity  was  noted  over  a  two  months  period. 
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2-2 : Exper imental  Procedure 

Packed  ghosts  were  suspended  in  a  buffer  containing  30mM 
Tris-HCl,  lOOmM  NaCl,  lOmM  KClf  5mM  MgCl^f  ImM  cysteine  and  5mM 
ATP  adjusted  to  pH  =  7,  or  in  a  similar  buffer  containing  HOmM 
NaCl  but  no  KC1.  The  difference  in  the  ATPase  activity  of  these 
two  mixtures  is  an  index  of  the  (Na++K+ ) ATPase  activity  (100). 

For  each  experiment  two  0.9-ml  samples —  one  with  and  one 
without  K+ —  were  placed  in  sample  chamber  #4  (Fig.  VII)  in  the 
waveguide  system;  an  identical  pair  was  placed  in  the 
control-waveguide  section.  The  samples  were  irradiated  for  3  h 
after  which  the  temperature  of  each  sample  was  measured  by  a 
microthermocouple.  The  ATPase  reaction  was  quenched  by  adding  0.1 
ml  55M  trichloroacetic  acid,  and  the  samples  were  assayed  for 
phosphorus  by  the  Fiske-Subbarow  method  (32).  Phosphatase 
activity  was  determined  as  mol  Pi  evolved  per  mg  total  ghost 
protein  assayed  by  the  Lowry  method  (73),  which  was  modified  by 
the  addition  of  deoxycholate .  The  quantity  of  ghost  protein  per 
litre  of  packed  whole  cells  was  also  determined  by  the  latter 
method . 


3  :  RESULTS  AND  DISCUSSION 

Low-level  2450-MHz  microwaves  (SAR  =  2  to  3  mW/g)  caused  a 
2.8  (+0.4)%  increase  in  K+- independent  and  a  35.6  (+4.4)% 
decrease  in  K+-dependent  ATPase  activity  in  human  erythrocyte 
ghost  suspensions  incubated  at  temperatures  in  the  21  to  25  °C 
range  (Figure  XXII).  There  were  no  microwave  effects  resolved  by 
comparing  total  ATPase  activity  in  control  and  exposed  ghost 
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Figure  XXI 


The  effect  of  microwaves  on  ATPase  activity  in  erythrocyte 
ghosts  incubated  in  three  different  temperature  ranges. 
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suspensions  within  the  temperature  range  tested  (Table  19) . 


Table  19 


The  effects  of  microwaves  and  incubation  temperature  on  the 
ATPase  activity  (irradiated/sham)  in  human  erythrocyte  ghosts. 


ATPase  activity  (irradiated/sham)  +  SE(n) 


m  O 

Temp 

total 

K- independent 

K-dependent 

10  -  21 

1.007  +  0.012  (4  ) 

1  .  08  2  +  0.008  (4) 

0.985  +  0.080  (4) 

21  -  24 

0.997  +  0.005  (7) 

1  .  028  +  0 . 004  (7) 

0.644  +  0.044  (7) 

24  -  40 

0.999  +  0.002  (8  ) 

1  .  005  +  0 . 007  (8) 

0.968  +  0.041  (8) 

The  observed  level  of  (Na++K+) ATPase  activity  is 
comparable  to  that  previously  reported  for  erythrocyte  ghost 
preparations.  At  38  °C ,  the  ghosts  exhibited  0 . 033  +  0 . 003/tmol 
P^/mg  protein’h,  a  value  within  the  range  described  by  Post 
e  t  al  (88  ):  0.041  +  0.020  /  mol  P^/mg  protein’h.  To  relate 

the  results  of  the  ATPase  experiments  to  those  of  the  flux 
experiments,  all  values  of  ATPase  activity  were  converted  from 
jx  mol  P^/mg  ghost  protein’h  to  mmol  P  1*  cells'h.  The  ghosts 
were  found  to  contain  1.805+0.048  g  ghost  protein  per  litre  of 
the  originaly  packed  erythrocytes.  This  value  is  comparable  but 
lower  than  7.597  g  protein/litre  original  packed  cells,  derived 
from  published  data  (41).  One  must  acknowledge  some  variability  in 
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quantity  of  ghost  protein  as  a  result  of  the  severity  and  extent 
of  different  preparation  procedures  for  erythrocyte  ghosts  (88)  . 
The  value,  1.805  g  ghost  protein/litre  packed  cells  was  applied 
to  the  data  for  the  initial  unit  conversion:  .spaceO 


1.805  g  protein  mol  P.  mmol  P. 

- - - x - - - =  ATPase  activity - -- 

yl  cells  mg  protein*h  ^cell'h 


The  resulting  ATPase  activity  levels  (for  example  0.060 
mmol  P^//cell*hr  at  38  °C )  were  found  to  be  5  to  10%  of 
that  reported  for  whole  erythrocytes  (1.12+0.02  mmol/0£  cells 'h 
at  37  °)  (11) . 

Post  et.  al  (88)  have  reported  that  only  8%  and  22%  of  the 
original  K  -dependent  and  K  +  - independent  ATPase  activities, 
respectively,  are  recovered  in  hemoglobin  free  ghosts.  The 
K+-dependent  and  K+-independent  ATPase  levels  were  corrected 
according  to  these  proportions.  The  corrected  values  of 
(Na++K+ ) ATPase  activity  (Table  20)  were  of  the  same  magnitude 
as  those  reported  for  intact  human  erythrocytes  (11).  The 
K+-dependent  ATPase  activity  is  assumed  to  be  that  portion 
catalysed  by  the  (Na++K+ ) ATPase  because  of  the  absolute 
dependence  on  both  cations.  The  level  of  ATPase  activity  in  human 
erythrocytes  has  been  shown  to  be  the  same  in  the  absence  of  K+ 
and  in  the  presence  of  ouabain  (24,  88).  Therefore,  the  microwave 
induced  decrease  in  the  K+-dependent  ATPase  activity  represents 
an  effect  on  the  (Na++K+ ) ATPase  activity. 
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Table  20 

The  effect  of^  low  level  2450  MHz  microwaves  on  the  K+ 
independent  and  K  -dependent  ATPase  activity  in  a  suspension 
of  fragmented  human  erythrocyte  ghosts  incubated  at 
different  temperatures. 


ATPase 

activity  (mmol 

P Jl  cells  *  hr 

+  SEM) 

K+  -  independent 

K+  -  dependent 

Temp. 

C 

sham 

irrad 

sham 

irrad 

11.8 

0.287a 

0 .300  +  0 .037 

0.305a 

0.416+0.045 

12.3 

0.378+0 .074 

0 .282  +  0 . 068 

15.9 

0.817a 

0 .841+0.025 

0.361a 

0.327+0.068 

16.1 

0.841a 

0 .866  +  0.049 

0 .361a 

0.305+0.068 

16.4 

0.915+0 .013 

0 .316  +  0 .034 

16.6 

0.886+0 .025 

0  .  395  +  0.034 

20.4 

1.493+0 .021 

0  .  452  +  0.043 

20.6 

1.535a 

1. 522+0.017 

0 .429a 

0.519+0.023 

20.8 

1.600+0 .029 

0 . 4  52+0  .  045 

21.9 

1.850a 

1 . 883+0 .037 

0 .452a 

0.271+0.034 

22.2 

1.924a 

1 .965  +  0 .013 

0 .463a 

0.361+0.000 

22.4 

1.969+0 .013 

2 .027  +  0 . 008 

0 .418+0.012 

0.339+0.045 

22.9 

2.101a 

2 .166  +  0.037 

0 .463a 

0.282+0.079 

23.2 

2.187+0 . 025 

0 .406  +  0.04  5 

23.4 

2.215a 

2 .326  +  0 .022 

0.474a 

0.282+0.023 

23.5 

2.228+0 .037 

0  .  553  +  0 .068 

23.7 

2.289a 

2 . 363  +  0.017 

0.474a 

0.215+0.034 

23.9 

2.322+0 .013 

0  .  530  +  0.068 

24.1 

2.388a 

2 . 433  +  0.025 

0.485a 

0.350+0.068 

24.6 

2.482+0.037 

0 . 598  +  0 . 091 

4.  l  •  8 

2.560+0 .021 

0 .485  +  0 .147 

25 . 3 

2.769a 

2  .  691+0 .013 

0.508a 

0.440+0.023 

26 . 5 

2.987+0 .000 

0 . 519  +  0.023 

26.7 

3.020+0 .004 

0 . 530  +  0.192 

26.9 

3.068a 

3  .  023  +  0 .025 

0.530a 

0.632+0.023 

27.9 

3.315a 

3  .  409  +  0 .029 

0.508a 

0.530+0.045 

30.6 

4.029a 

4 . 000  +  0.013 

0  .  576a 

0 . 508  +  0.057 

31.4 

4.090+0 . 008 

0 .497  +  0.034 

32.4 

4.176a 

4 .148  +  0.029 

0.609a 

0.553+0.124 

32.9 

4.226+0.123 

0 .621+0 .226 

34.1 

4.312a 

4  .  295  +  0.021 

0 .632a 

0.542+0.045 

34.6 

4.361+0 .066 

0 .779  +  0 .215 

35.9 

4.472a 

4 . 656  +  0 . 078 

0.666a 

0.650+0.124 

36.9 

4.537+0 .062 

0 . 576  +  0.034 

38.8 

4.693a 

4 . 660  +  0 .037 

0.699a 

0.734+0.034 

a  -  values  estimated  from  regression  analysis  of  control  data 
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The  0.165+0.023  mmol  ATP /X  cells ' h  decrease  in  the 
(Na++K+ ) ATPase  activity  (Table  21)  compliments  the  decreases 
observed  in  ouabain-sensitive  Na+  and  K+  fluxes  in  exposed 
erythrocytes.  It  is  safe  to  assume  that  these  manifestations  in 
exposed  erythrocytes  result  from  the  same  microwave  effect  since 
the  active  transport  of  Na  +  and  K+  is  driven  by  the 
(Na++K+ ) ATPase .  Furthermore,  the  microwave  effect  on  the 
(Na++K+) ATPase  is  exclusively  restricted  to  the  same 
temperature  range  (Figure  XXII)  in  which  the  cation  flux  effects 
are  apparent. 


Table  21 


The  effect  of  microwaves  on  ATPase  activity  in  erythrocyte 
ghosts  at  different  incubation  temperatures.  D  is  the  mean 
difference  (  s h am- i  r r a d i a t e d )  in  ATPase  ac t i v i ty  (mmol 
ATP/1- ce 11 s *  hr )  . 


Temp°C 

d±Sd  (n) 

t 

P< 

10-21 

+0.012+0.008 

(4) 

1.921 

(NS) 

K-INDEP 

21-24 

+0.062+0.008 

(7) 

5.990 

.001 

24-40 

+0.020+0.029 

(8) 

0.695 

(NS) 

10-21 

+0.004+0.034 

(4) 

0.115 

(NS) 

K  DEP 

21-24 

-0.165+0.023 

(7) 

7.768 

.001 

24-40 

-0.026+0.019 

(8) 

1.400 

(NS) 

(NS)  -  not  significant  ,05<P 


The  increase  in  K  -independent  ATPase  activity  may 


correlate  with  the  increased  ouabain- insensitive  Na  efflux 


Figure  XXII 


+  The  effect  of  micr+owa^es  and  incubation  temperature  on  the 
K  -dependent  or  (Na  +K  ) ATPase  activity  of  erythrocyte 
ghosts . 
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observed  in  microwave-exposed  erythrocytes.  The  hypothetical, 
ouabain- insensi tive  Na+  pump,  alluded  to  previously,  has  been 
proposed  to  be  an  ATPase  akin  to  the  (Na++K+ ) ATPase  but  which 
uses  a  counter-ion  other  than  K+  (50).  Considering  the 
potential  similarities  between  these  enzymes,  it  is  possible  that 
microwaves  affect  the  interaction  between  the  transport  enzyme 
and  ATP  in  both  systems. 

Previous  reports  of  microwave  effects  on  ATPase  activity  are 

few,  conflicting  and  indirect.  ATP  levels  have  been  shown  to 

fall  more  slowly  in  excised  rat  brains  exposed  to  591-MHz 

2 

radiation  (13.8  mW/cm  )  than  in  control  brains  (95) .  The 
magnitude  of  the  effect  was  temperature  dependent.  In  contrast, 
2350-MHz  microwaves  did  not  significantly  affect  total  ATPase 
activity  in  erythrocytes  incubated  at  38  °C  (2).  The  latter 
finding  does  not  conflict  with  the  results  of  this  work:  although 
microwaves  caused  a  decrease  in  (Na++K+ ) ATPase  activity,  no 
significant  effect  was  observed  on  total  ATPase  activity  of  the 
erythrocytes  at  any  temperature  (Table  19) . 

Another  report  provides  convincing  but  indirect  evidence  of 
a  low-level  2450 -MHz  microwave  effect  on  (Na++K+) ATPase. 
McRee  and  Wachtel  (79)  observed  that  repeatedly  stimulated  frog 
sciatic  nerves  lost  vitality  in  shorter  periods  of  time  when 
exposed  to  2450  MHz  radiation  (SAR=10  mW/mg)  than  did  control 
nerves.  The  microwave  effect  on  nerve  vitality  was  no  longer 
apparent  in  nerves  pretreated  with  ouabain,  a  specific  inhibitor 
of  the  (Na++K+) ATPase.  The  effect  was  attributed  to  the 
accelerated  loss  of  Na+  and  K+  gradients,  due  to  microwave 
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inhibition  of 


the  (Na++K+) ATPase. 


VII 


DISCUSSION 


Since  microwaves  did  not  affect  leakage  from  egg-PC  or 
RBC-lipid  vesicles,  all  effects  on  Na+  and  K+  transport  in 
irradiated  human  erythrocytes  must  ultimately  involve  an 
interaction  between  the  microwaves  and  membrane  proteins  or 
lipid/protein  complexes.  It  also  appears  that  at  least  two 
transport  vectors  for  these  cations  are  differentially  affected, 
and  that  the  effects  only  manifest  themselves  in  the  temperature 
range  20  to  25  °C .  First,  (Na+  +  K+ ) ATPase  mediated  transport 
of  Na+  and  K+  was  inhibited  by  18.2  (+10.0)%  and  10.6 

(+3.4)%  respectively  (Table  16)  in  the  presence  of  microwaves. 
Observed  decreases  in  o ua b a i n- s e n s i t i ve  fluxes  of  Na+ 
(-0.181+0.056  meq/C  cell ‘ h)  and  K+  (-0.074+0.027  meq/i 
cell'h)  and  in  K+-dependent  ATPase  activity  (-0.165+0.023 
mmol  P ^/i cell  *  hr )  in  irradiated  erythrocytes  incubated  in  the 
effective  temperature  range,  support  this  conclusion.  Second, 
low-level  irradiation  increased  ouabain  insensitive  Na+  efflux 
from  erythrocytes  at  temperatures  between  20  and  25  °C  through 
some,  as  yet  undetermined,  pathway. 

The  magnitude  of  the  latter  effect,  an  increase  of 
0.448+0.114  meq/i cell s * h ,  is  not  paralleled  by  the  much 
smaller  increase  in  o u a b a  i  n - i  n s e n s  i  t  i  v e  K+  influx 
(0.032+0.024  meq/icells * h)  in  irradiated  cells.  The  lack  of 
a  significant  microwave  effect  on  intracellular  Na+ 
concentration  indicates  that  a  large  part  of  the  microwave-induced 
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increase  of  Na+  efflux  may  be  due  to  an  increase  in  a 

ouabain- insensi five  Na+/Na+  exchange  diffusion  (25,  74 ,  117). 

Conversly,  this  effect  could  present  itself  as  the  result  of  a 

microwave-induced  increase  in  the  hypothetical, 

ouabain-insensitive  Na+  pump  (50),  and  a  simultaneous  increase 

in  Na+  influx,  due  to  an  induced  increase  in  P_.  +  ,  to 

f  N  a 

accomodate  the  lack  of  a  microwave  effect  on  net  Na+  flux.  In 

normal  erythrocytes  P  is  2  to  3  fold  higher  than  P.T  +  (57). 

i\+  n  a 

There  was  only  a  small  increase  (+0.032  meq/i  cell'h)  in 

•  •  •  •  t 

ouabain- insensi tive  K  influx.  If  the  simple  Na  diffusion 

had  increased  to  the  same  degree  during  microwave  irradiation  it 

could  not  have  compensated  for  the  larger  (  +  0.448  meq/icell’h) 

increase  in  ouabain- insensi tive  Na  +  efflux  and  a  net  Na+ 

efflux  would  have  been  apparent.  Ouabain- insensi tive  Na+  efflux 

has  been  attributed  to  a  transport  mode  of  the  (Na++K+) ATPase 

unaffected  by  ouabain  (25)  but,  the  ouabain  insensitive  ATPase 

activity  rose  by  only  0.062+0.008  mmol  P^  /Icell'h  in 

microwave  exposed  cells.  To  invoke  the  ouabain-insensitive  Na+ 

ATPase  mode  of  the  (Na++K+)  ATPase  as  the  explanation  for  the 

microwave  effect  on  Na+  efflux  in  the  presence  of  ouabain  one 

would  be  forced  to  accept  the  improbable  transport  stoicheometry 
+ 

of  ~7  Na  /I  ATP.  Little,  therefore,  can  be  said  concerning  the 
effect  of  microwaves  on  the  ouabain  insensitive  ATPase  activity. 

The  observed  increase  in  ouabain  insensitive  K+  influx  is 
assumed  to  be  exclusively  an  increase  in  simple  K+  diffusion. 
There  is  only  weak  evidence  of  a  facilitated,  ouabain  insensitive 
K+  influx  mechanism  (117)  .  Since  passive  cation  permeation  is 


based  more  on  particle  charge  and  size,  and  less  on  elementary 
identity,  one  would  expect  a  comparable  increase  in  simple  Na+ 
diffusion  to  be  part  of  the  larger  microwave  effect  on  Na+ 
efflux  in  the  presence  of  ouabain.  However,  the  results  of  the 
net  Na+  and  K+  flux  experiments  may  indicate  otherwise. 
Irradiated  cells  appear  to  accumulate  Na+  in  the  absence  but 
not  in  the  presence  of  ouabain  while  microwaves  do  not  affect 
net  K+  movements  in  erythrocytes  under  either  condition.  The 
proposed  increase  in  facilitated  ouabain- insensi tive  Na+/Na+ 
exchange  diffusion  would  have  no  effect  on  net  Na+ 
distribution.  If  simple  Na+  diffusion  is  unaffected  by 
microwaves,  the  decrease  in  ouabain-sensitive  Na+  efflux  could 
cause  the  net  Na+  accumulation  observed  in  irradiated  cells 
incubated  with  ouabain.  In  the  presence  of  ouabain  only  the 

4.  4 

Na  /Na  exchang e- d i f f us i on  would  be  affected  by  microwaves 
and  no  change  in  net  Na+  distribution  would  occur.  It  follows 
that  any  Na+  influx  due  to  small  changes  in  simple  Na+ 
diffusion  may  have  been  masked  by  the  larger  increase  in 
ouabain- insensi tive  Na+  efflux  and  was  probably  within  the 
error  limits  of  detection  for  net  Na+  distribution  changes  in 
the  presence  of  ouabain. 

The  observation  that  within  the  same  system  microwaves  can 
induce  simultaneous  but  thermally  opposing  effects  supports  the 
hypothesis  that  microwaves,  while  capable  of  heating,  can  also 
exert  more  specific  effects.  The  decrease  in  the 
(Na++K+ ) ATPase  activity  in  irradiated  erythrocytes  cannot  be 
attributed  to  microwave  heating.  A  temperature  increase  would 
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have  caused  an  increase  in  (Na++K+ ) ATPase  activity.  Thermal 
denaturation  of  protein  can  be  ruled  out  since,  beyond  the 
effective  temperature  range  no  effect  of  microwaves  was  observed 
on  any  of  the  processes  studied.  That  the  reported  effects  of 
low-level  microwaves  on  Na+  and  K+  transport  are  all 
restricted  to  the  same  temperature  range,  20  to  25  °C,  indicate 
a  common  mechanism  of  interaction  with  microwaves  as  the 
physical  basis  for  these  effects. 

The  K+-dependent  ATPase  activity,  ouabain-sensitive  Na+ 
efflux  and  ouabain-sensitive  K+  influx  are  all  a  result  of  the 
activity  of  the  (Na++K+ ) ATPase .  A  single  interaction  between 
microwaves  and  the  (Na  +  +  K+ )  ATPase  can  be  thus  implicated  as 
the  cause  of  the  observed  changes  in  these  processes.  That 
microwaves  may  increase  facilitated  N  a  +  /  N  a  + 
exchange-diffusion  by  a  mechanism  distinct  from  that  mediated  by 
the  (Na++K+) ATPase  (1)  indicates  an  interaction  between 
microwaves  and  yet  another  specific  carrier.  Microwaves  also 
appear  to  act  at  a  third  site,  possibly  a  permease,  responsible 
for  the  effects  observed  on  the  simple  K+  (and  probably  Na+) 
diffusion.  Further,  evidence  exists  that  microwaves  affect  the 
activity  of  some  other,  K+- i ndependent  ATPase(s)  in  the 
erythrocyte  membrane.  The  affected  processes  share  the  common 
feature  of  being  mediated  by  integral  proteins  of  the  erythrocyte 
membrane. 

Although  the  function  of  integral  membrane  proteins  is 
affected  by  the  physical  state  of  the  lipid  bilayer,  microwave 
interaction  with  the  bilayer  is  not  probable.  Despite  a  report 


h 


that  concludes  that  microwaves  may  minutely  influence  membrane 
fluidity  of  simple  lipid  bilayer  (102)  the  fluorescence  of  the 
f 1 u id i ty- sens i t i ve  bilayer  probe  was  unaffected  within 
erythrocyte  membranes  exposed  to  2450  MHz  (3).  Further,  Na+ 
leakage  from  both  egg-PC  and  RBC-lipid  vesicles  was  unaffected  by 
microwaves.  The  mechanism  whereby  microwaves  interact  coherently 
with  some  vibration  common  to  the  different  proteins  or 
lipid/protein  complexes  that  mediate  the  affected  processes  is 
thus  most  likely  to  ultimately  explain  the  observed  phenomena. 
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